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Introduction

The NASA Glenn Research Center at Lewis Field, in partnership with U.S. industries,
universities, and other Governmentinstitutions, develops critical systems technol-
ogies and capabilities that address national priorities. Our world-class research,
technology, and capability development efforts are keys to advancing space
exploration of our solar system and beyond while maintaining global leadership
in aeronautics. Our work is focused on technological advancements in aero-
propulsion, space propulsion, power systems, nuclear systems, communications,
and human-related systems.

Glenn’s activities support all NASA missions and the major programs of our
Agency. For example, we support space exploration through our role in devel-
oping the propulsion and power systems for an interplanetary, nuclear-based
mission. We contribute significantly to economic growth and national security
through safe, superior, and environmentally compatible U.S. aircraft propulsion
systems. Glenn leads NASA's research in the fields of fluids, combustion, and
reacting flow systems, including gravity variation. Glenn also leads in the testing
and evaluation of materials and structures for atmospheric and space environ-
ments by utilizing our first-rate facilities. AlImost every space shuttle science mission has had an experiment managed
by Glenn, and we have conducted a wide array of experiments on the International Space Station.

The Glenn staff consists of over 3200 civil service employees and support service contractor personnel. Scientists and
engineers comprise more than half of our workforce, while technical specialists, skilled workers, and an administrative
staff support them. We aggressively strive for technical excellence through continuing education, increased diversity
in our workforce, and continuous improvement in our management and business practices so that we can expand the
boundaries of aeronautics, space, and aerospace technology.

Glenn Research Center is a unique facility located in northern Ohio. The main campus is situated on 350 acres of
land adjacent to the Cleveland International Airport, with more than 140 buildings that include 24 major facilities and
over 500 specialized research and test facilities. In addition, Plum Brook Station, located 50 miles west of Cleveland,
offers four large, world-class facilities for space technology and capability development. All Center capabilities, at
both Cleveland and Plum Brook, are available for government and industry programs through Interagency or Space
Act Agreements.

Knowledge is an important product of our activities. Our annual Research &Technology report helps make this knowl-
edge available to potential users in the technical community. This report is organized so that a broad cross section of
people can readily use it. Each article begins with a short introductory paragraph and continues with a summary of
the progress made during the year in various scientific and technical areas.

We hope that this information is useful to you. If additional information is desired, you are encouraged to contact the
researchers identified at the end of each article and to visit Glenn’s Web site at http://www.nasa.gov/glenn/.

%/M £

Julian M. Earls
Director
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Systems Analysis

Bimodal Nuclear Thermal Rocket Propulsion Investigated
for Power-Rich, Artificial-Gravity Human Exploration

Missions to Mars

97 '£¢. ; ;'
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Artificial-gravity BNTR crew transfer vehicle for Mars.

The NASA Glenn Research Centeris involved in systems and mission analysis
studies for Prometheus and the President’s Vision for Space Exploration. In
support of this effort, engineers at Glenn have been studying the application
of nuclear thermal rocket (NTR) engines to human missions to Mars.

The NTR is one of the leading propulsion options for future NASA human
exploration missions because of its high specific impulse capability (Isp ~875
to 950 sec) and attractive engine thrust-to-weight ratio (>3). Because only a
relatively small amount of enriched uranium-235 fuel is consumed in an NTR
during the primary propulsion maneuvers of a typical Mars mission, engines
configured for both propulsive thrust and modest power generation (referred
to as bimodal operation) provide the basis for a robust, power-rich stage with
efficient propulsive capture capability.

A family of modular bimodal NTR
(BNTR) space-transfer-vehicle con-
cepts has been developed that utilize
a common core stage powered by
three ~15-klb; engines that produce
50 kWe of total electrical power for
crew life support, high-data-rate
communications with Earth, and an
active refrigeration system for long-
term, zero-boiloff liquid hydrogen
(LH,) storage. Candidate nuclear
fuels for BNTR engines include
uranium carbide (UC,) particles witha
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chemical-vapor-deposited coating in graphite and uranium-carbide
zirconium-carbide (UC-ZrC) in graphite, which were developed during the
Nuclear Engine for Rocket Vehicle Application (NERVA) program, as well as
uranium oxide (UO,) in tungsten (W) metal cermet. These fuels, which are
listed in order of increasing temperature capability, can produce hot hydrogen
exhaust ranging from ~2550 to 2900 K. Each engine has its own closed-cycle
Brayton rotating unit, capable of generating up to 25 kWe, that provides an
engine-out capability. Under nominal conditions, each Brayton rotating unit
would operate at two-thirds of the rated power (~17 kWe).

Compared with other propulsion options currently being studied, Mars mis-
sion architectures using BNTR transfer vehicles require fewer transportation
system elements. This makes space operations simpler and reduces mission
mass and risk.

In addition, artificial gravity capability can be easily integrated into the BNTR
vehicle design to ensure crew health and fitness on long-duration missions. On
a representative crew transfer vehicle, the bimodal core stage is connected to
aninflatable TransHab (transfer habitat) module via an innovative saddle truss
that is open underneath to allow the inline LH, propellant tank to be easily jet-
tisoned following the trans-Mars injection burn. After the tank is released, the
crew transfer vehicle initiates vehicle rotation at ~4 rpm to provide the crew
with a Mars gravity environment (~0.38 times Earth gravity, gg) during the
outbound transit. A higher rotation rate of ~6 rpm would provide about 0.8g,
during the return leg of the mission to help reacclimate the crew to Earth’s
gravity. A variant of the LH, NTR option, known as the LOx-augmented NTR
(or LANTR), would add an oxygen afterburner nozzle to the BNTR if variable

thrust, variable Isp, or stage volume reduction was needed.

OTIS 3.2 Software Released

Trajectory, mission, and vehicle engineers concern themselves with finding
the best way for an object to get from one place to another. These engineers
rely upon special software to assist them in this. For a number of years, many
engineers have used the OTIS program for this assistance. With OTIS, an
engineer can fully optimize trajectories for airplanes, launch vehicles like the
space shuttle, interplanetary spacecraft, and orbital transfer vehicles. OTIS
provides four modes of operation, with each mode providing successively
stronger optimization capability. The most powerful mode uses a mathematical
method called implicitintegration to solve what engineers and mathematicians
call the optimal control problem. OTIS 3.2, which was developed at the NASA
Glenn Research Center, is the latest release of this industry workhorse and
features new capabilities for parameter optimization and mission design.

OTIS stands for Optimal Control by Implicit Simulation, and it is implicit inte-
gration that makes OTIS so powerful at solving trajectory optimization prob-
lems. Why is this so important? The optimization process not only determines
how to get from point A to point B, but it can also determine how to do this
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with the least amount of propellant,
with the lightest starting weight, or in
the fastest time possible while avoid-
ing certain obstacles along the way.
There are numerous conditions that
engineers can use to define optimal,
or best. OTIS provides a framework
for defining the starting and ending
points of the trajectory (point A and
point B), the constraints on the trajec-
tory (requirements like “avoid these
regions where obstacles occur”),
and what is being optimized (e.g.,
minimize propellant). The implicit
integration method can find solu-
tions to very complicated problems
when there is not a lot of information
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available about what the optimal trajectory might be. The method was first  the initial and final conditions of the
developed for solving two-point boundary value problems and was adapted for ~ phase, the bounds on the problem,
use in OTIS. Implicit integration usually allows OTIS to find solutions to prob- ~ and the control parameters—such
lems much faster than programs that use explicit integration and parametric ~ as steeringangles and engine throttle
methods. Consequently, OTIS is best suited to solving very complicated and  parameters. See the diagram for a
highly constrained problems. notional representation of the phases
and stages.
Typical OTIS input includes a description of the objective function (the thing
that is the measure of goodness) and a number of general specifications that ~ The Boeing Company wrote the first
describe what the program should output, and how these results should be  versionsof OTIS forthe U.S. Air Force
formatted. Also, OTIS provides input items for modeling vehicles by the stage  in 1985. Since then, NASA has taken
of operation. This is entirely analogous to the stages of a rocket, where first ~ ownership of OTIS and has systemat-
one stage operates and then another and another. It also has input items for ically improved and updated it. OTIS
describing phases of operation. Within each phase, the user specifies the is written in Fortran 77 and uses the
stage that is operating, the current constraints on the operation of the vehicle, SNOPT nonlinear programming pack-
age. The OTIS programis restricted to
users withinthe United Stateswho are
working for the Federal Government,

Aeropropulsion data its entities, contractors, and subcon-
tractors. Eligible users can obtain
CDO OTISfromNASAGlenn’s Technology
Transfer and Partnership Office by

° Phase 3 Terminal i ; e
m (rocket) E4 manifold following the links at http://otis.grc.

nasa.gov/request.shtml.

T2 o
Q t1 and to Find out more about this research:
— free £ X’ may be discontinuous ~ OTIS:
Phase 2 att4 and to http://otis.grc.nasa.gov
g (airbreathing) Space Propulsion and Mission
Analysis Office at Glenn:
http://trajectory.grc.nasa.gov

m Glenn contacts:
Q < Qmax John P. Riehl, 216-977-7061,
Phase 1 John.P.Riehi@nasa.gov; and
(low speed) Waldy K. Sjauw, 216-977-7066,
Waldy.K.Sjauw@nasa.gov
Authors:

Eq John P. Riehl and Waldy K. Sjauw
Typical trajectory optimization problem. (Note: C,, coefficient of normal force; o, Headquarters program office:
angle of attack; CDO, coefficient of base drag; m, mach number; T,, T,, temperature Exploration Systems
during phases 1 and 2; Q, dynamic pressure during.phas'e 2 ty, t,, initial and final Programs/Projects:
phase times; X', state vector dynamics; E,, phase times in seconds.) In-Space Systems
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Photochemically Etched Construction Technology
Developed for Digital Xenon Feed Systems

Electric propulsion systems are quickly emerging as attractive options for primary
propulsion in low Earth orbit, in geosynchronous orbit, and on interplanetary
spacecraft. The driving force behind the acceptance of these systems is the
substantial reduction in the propellant mass that can be realized. Unfortunately,
system designers are often forced to utilize components designed for chemical
propellants in their electric systems. Although functionally acceptable, these
relatively large, heavy components are designed for the higher pressures and
mass flow rates required by chemical systems. To fully realize the benefits of
electric propulsion, researchers must develop components that are optimized
for the low flow rates, critical leakage needs, low pressures, and limited bud-
gets of these emerging systems.

Starting in 2001, a team led by VACCO Aerospace Products was selected
by NASA under an Advanced Cross-Enterprise Technology Development

Program to conduct a project entitled
“Photo-Chemically Etched Construc-
tion Technology for Digital Xenon
Feed Systems.” This program con-
sists of application-engineering xenon
pressure- and flow-control modules
using a proprietary VACCO tech-
nology called Chemically Etched
Miniature Systems (ChEMS, VACCO
Industries, Inc., Space Products,
South El Monte, CA), which is based
on VACCO’s extensive in-house
experience in the precision chemical
etching of metals and plastics.

Critical components of a xenon feed system (XFS) developed by VACCO. Top left: Pressure-control module
that provided variable-pressure control. Top right: Flow-control module that enabled high-fidelity regulation of
the xenon flow to the thruster. Bottom: Electronic-control unit that was the interface to a computer where the

XFS control software was operated.
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ChEMS modules consist of multiple layers of etched metal or plastic sheets
that, when stacked and bonded together, form an assembly of all of the compo-
nents and their interconnecting flow paths. These modules can alter pressure
and flow-rate set points as well as compensate for changing inlet pressure and
temperature conditions. The size and mass of complex modules is drastically
reduced through the fabrication of components and interconnecting features
that are an order of magnitude smaller and lighter than components made
using traditional machining techniques.

Several functional features enable the ChEMS-based xenon feed system
(XFS) to be ideally suited to the control of xenon to the thrusters in electric
propulsion systems. These include

® Variable set point.—The XFS mass flow rate and pressure set points are
variable and can be changed at the control computer.

® Pressure and temperature compensation.—Xenon mass flow can be
accurately maintained over a wide band of propellant temperatures and
pressures.

® Reliability.—The only moving parts in the XFS are the suspended arma-
tures for the 12 valves. The armatures are welded to S-springs that guide
them so that they move without sliding against adjacent parts. To preclude
failure, researchers designed the S-springs for low stress and high fatigue
life.

® Failure tolerance.—The XFS can function even after sustaining two iso-
lation valve failures. In addition, failure of one or more of the valves in the
digital flow-control array will degrade flow-control accuracy and engine
performance, but it will not cause loss of the engine.

Xenon feed system (XFS) assembled with the VACCO-developed components and
configured to operate the NASA 120M (2- to 3-kW) Hall thruster.

This 3-year contract led to the suc-
cessful development of a single-line
xenon feed system. The major ele-
ments of the feed system, shown
in the photograph on the preceding
page, include the variable-pressure-
control module, the digital flow-control
module, and the electronic-control unit
(designed and fabricated by Aerojet
RRC (Redmond, WA)) to operate
these modules, which interfaces the
XFS to the control computer. The
initial operating targets for the flow-
and pressure-control modules were
selectedindiscussions withthe NASA
Glenn Research Center and the Jet
Propulsion Laboratory, at which time
it was decided to size the flow control
for use with a multikilowatt Hall effect
thruster.

Fabrication of the pressure-control
module and a first-generation
electronic-control unitwere completed
in 2002. After a series of sealing
issues with the flow elements of the
flow-control module were resolved via
an extensive in-house research and
development effort at VACCO, a fully
functional unit was completed and
tested extensively in 2003, along with
a second electronic control unit. The
components were integrated into the
XFS at Glenn in late 2003. This feed
system (shown in the photograph to
the left), was successfully used to
control the anode flow during testing
of a NASA 120M Hall effect thruster.

The final phase of this NASA
Research Announcement was to
resolve control issues that arose dur-
ing thruster testing. This work was
completed by VACCO and Aerojet
RRC in April 2004. The completed
hardware, along with the feed sys-
tem, was delivered to Glenn in May
2004 for completion of this contract.

In conclusion, the ChEMS technology
represents animportant breakthrough
in the size, mass, and cost of minia-
ture fluid systems. The application
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of ChEMS technology to xenon flow control has resulted in a module ideally =~ Headquarters program office:
suited for electric propulsion applications. The ChEMS XFS provides system  OAT (Energetics)
designers with a technology that allows them to realize the full potential of  programs/Projects:

electric propulsion. Science Mission, In-Space Technology,
Exploration Mission, Project
Glenn contacts: Prometheus

Timothy R. Verhey, 216-433-7458, Timothy.R.Verhey@nasa.gov; and
David T. Jacobson, 216-433-3691, David.T.Jacobson@nasa.gov

Authors:
Ben Otsap, Joseph Cardin, Timothy R. Verhey, Vincent K. Rawlin, Juergen Mueller,
Randall Aadlund, Robert Kay, and Michael Andrews

Options Studied for Managing Space Station Solar Array
Electrical Hazards for Sequential Shunt Unit Replacement

i

The U.S. solar array strings on the International Space Station “‘—':::gé&?ﬁ.,__'
are connected to a sequential shunt unit (SSU). The job of the )
SSU is to shunt, or short, the excess current from the solar array,
such that just enough current is provided downstream to maintain
the 160-V bus voltage while meeting the power load demand and
recharging the batteries. Should an SSU fail on-orbit, it would be
removed and replaced with the on-orbit spare during an astronaut
space walk or extravehicular activity (EVA) (see the photograph).
However, removing an SSU during an orbit Sun period with input
solar array power connectors fully energized could result in sub-
stantial hardware damage and/or safety risk to the EVA astronaut.
The open-circuit voltage of cold solar-array strings can exceed _ Magt

320 V, and warm solar-array strings could feed a short circuit with canister
a total current level exceeding 240 A.

r
4

Lo F

Replacing the SSU during eclipse when the array is not in sunlight % Blanket

would seem optimal, except that the maximum eclipse period is i % bower

only 36 min. This does not provide sufficient time to remove and Iny oty cabling

replace the SSU while allowing for contingencies. Several other i

options forthe SSU remove-and-replace procedure were assessed -

at the NASA Glenn Research Center, including Sequential shunt unit (SSU) mounted on the beta
gimbal platform (below the mast canister).

(1) Leave the failed SSU in place.

(2) Change-out the SSU during one eclipse period. From the perspective of defining and

(3) Change-out the SSU during several eclipse periods. managing solar-array-string electri-

(4) Retract the solar array; then change-out the SSU during multiple-orbit  cal hazards, this analysis identified
Sun and eclipse periods. option (6), installing a shunt plug on

(5) Design, build, and install a temporary shunting plug on the solar-array  the solar-array-string test-port con-
string power connectors, and change-out the SSU during several orbit  nectors, as a workable SSU replace-
eclipse periods. ment procedure via EVA.

(6) Design, build, and install a temporary shunting plug on the solar-array-
string test-port connectors, and change-out the SSU during several orbit  In this option, the test-port-connector
eclipse periods. shunt plug would collapse the array
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string voltage and dissipate string short-circuit current / . through a low-
resistance electrical shunt thatis passively cooled. This approach would afford
the EVA crew multiple orbits to accomplish the SSU remove-and-replace pro-
cedure. Also, this approach would not introduce additional risk for damaging
SSU power connectors because shunt plugs would be inserted in the test-port
connectors. The test-port connectors are located away from the SSU and,
thus, do not impede the SSU remove-and-replace operations.

The only undesirable feature of this option is that there are restrictions on the
allowable array string /.. The normalized string /;, must be 0.47 or lower to
maintain an acceptably low temperature in the test-port-connector 22-gauge
wire bundles. Operational strategies were devised that maintained the nor-
malized /,, value at acceptably low values for the International Space Station
flight in the solar inertial flight mode for a wide range of solar  angles and
the preferred solar-array park angle for EVA operations (see the graph). Array
string current and voltage capability predictions were generated using the
bifacial solar-array model incorporated in Glenn’s System Power Analysis for
Capability Evaluation (SPACE) electrical-power-system performance code.
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Find out more about this research:
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Probabilistic Analysis Techniques Applied to Complex

Spacecraft Power System Modeling

Electric power system performance predictions are critical to spacecraft, such
as the International Space Station (ISS), to ensure that sufficient power is
available to support all the spacecraft's power needs. In the case of the ISS
power system, analyses to date have been deterministic, meaning that each
analysis produces a single-valued result for power capability because of the
complexity and large size of the model. As aresult, the deterministic ISS analy-
ses did not account for the sensitivity of the power capability to uncertainties
in model input variables. Over the last 10 years, the NASA Glenn Research
Center has developed advanced, computationally fast, probabilistic analysis
techniques and successfully applied them to large (thousands of nodes) com-
plex structural analysis models. These same techniques were recently applied
to large, complex ISS power system models. This new application enables
probabilistic power analyses that account for input uncertainties and produce
results thatinclude variations caused by these uncertainties. Specifically, N&R
Engineering, under contract to NASA, integrated these advanced probabilistic
techniques with Glenn’s internationally recognized ISS power system model,
System Power Analysis for Capability Evaluation (SPACE).

An advanced, fast probabilistic integrator (FPI) technique was used in this
effort, because the traditional method for performing probabilistic analyses,
the Monte Carlo method, is time consuming and computationally prohibitive
for large complex models. Monte Carlo techniques involve running thousands
of individual analyses, each with a slightly different set of input variables. The
results from all those cases are integrated to obtain the sensitivity of the output
variable—in this case, power—to those input uncertainties. However, when FPI
is used, only a few analyses need to be performed; and FPI then integrates
those results to approximate a complete Monte Carlo analysis.

ISS power analyses require thousands of input variables to model all the power
system components: solar arrays, which generate power from sunlight; batteries
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Sample showing the probability of achieving a particular power level on a single
ISS power channel. Mean power, 13.7 kWe; standard deviation of power, o, 0.22.
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thatare charged during the sunlightand
provide power when the solar arrays
do not; and a large power distribution
network, consisting of cables, circuit
breakers, converters, and controllers
to route power to various ISS users.
Todemonstrate SPACE power system
probabilistic analysis, researchers at
N&R Engineering with assistance from
Glennvaried asample offive inputvar-
iables, including Earth albedo (sunlight
reflected off the Earth), the efficiency
of a power-conversion unit, and the
attitude of the ISS. Results show
that the variation in power capability
can now be represented by not just
a single value, but rather as a set of
probabilities that a certain powerlevel
will be achieved.

The results of this project also proved
that Glenn’s advanced probabilistic
analysis techniques (FPI), which were
developed for large complex struc-
tural analysis models, can be used
to assess complex spacecraft power
systems. Glenn now has anintegrated
tool that can be used for probabilistic
power system performance assess-
ment. This new capability will allow
ISS operators more insight into the
performance of the power system
and to operate the ISS power sys-
tem closer to its operating limits with
higher confidence.

Glenn contacts:

Jeffrey S. Hojnicki, 216—433-5393,
Jeffrey.S.Hojnicki@nasa.gov; and
Jeffrey J. Rusick, 216—433-5375,
Jeffrey.J.Rusick@nasa.gov

Authors:
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Capillary Flow Experiments Began on the International

Space Station

The Capillary Flow Experiments (CFEs) are a suite of fluid physics flight experi-
ments designed to investigate capillary flows and phenomena in low gravity.
Data obtained from the CFEs will be crucial to NASA’'s Space Exploration Ini-
tiative, particularly pertaining to fluids management systems such as fuels and
cryogen storage systems, thermal control systems (e.g., water recycling), and
materials processing in the liquid state. NASA’s current plans for exploration
missions assume the use of larger liquid propellant masses than have ever
flown oninterplanetary missions. Under low-gravity conditions, capillary forces
can be exploited to control fluid orientation so that such large mission-critical
systems perform predictably. The first of the CFE experiments has been con-
ducted on the International Space Station, and the data are being analyzed.
The experiment suite is described briefly.

CFE is a simple fundamental scientific study that can yield quantitative results
from safe, low-cost, short time-to-flight, hand-held fluids experiments. The
experiments aim to provide results of critical interest to the capillary flow com-
munity that cannot be achieved in ground-based tests: for example, dynamic
effects associated with a moving-contact boundary condition, capillary-driven
flow in interior corner networks, and critical wetting phenomena in complex
geometries. Specific applications of the results center on particular fluids chal-
lenges concerning propellant tanks. The knowledge gained will help spacecraft
fluid systems designers increase system reliability, decrease system mass,
and reduce overall system complexity.

Science Officer Mike Fincke performs the CFE on orbit on Expedition 9 as a part of
Saturday Science.

CFEisaNASAGIenn Research Cen-
ter experiment developed under con-
tract by ZIN Technologies, Inc. Three
experiments constitute CFE—the
Interior Corner Flow (ICF), the Vane
Gap (VG), and the Contact Line (CL)
experiments; and each experiment
has two unique experimental units.
All units use similar fluid-injection
hardware, have simple and similarly
sized test chambers, and rely solely
on video for highly quantitative data.
Silicone oil is the fluid used for all
the tests, with different viscosities
depending on the unit. Differences
between units are primarily fluid prop-
erties, wetting conditions, and test cell
cross section. The experiment proce-
dures are simple and intuitive.

ICF is designed to understand pro-
pellant management and passive
capillary flow in tapered geometries
for which boundary conditions are
not well understood or modeled. VG
is designed to investigate the critical
wetting condition that arises between
interior corners that do not actually
make contact, in particular, the corner
and gap formed by an interior vane
and the interior wall of a propellant
tank, or between the intersection of
vanes in a complex vane network.

The CL experiment is designed to
study a fundamental and practical
concern forlow-gravity fluid phenom-
ena: the impact of the dynamic con-
tactline. The contact line controls the
interface shape, stability,and dynam-
ics of capillary systems in low gravity.
The CFE-CL experiments will provide
a direct measure of the extremes in
behavior expected from either a free
orpinned contact-line condition. There
are two CL units, identical except for
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Interior Corner Flow units. Left: ICF—1 has a triangular cross section in the horizontal plane of the test section.
Right: ICF-2 is a tapered triangle from the base to the top and has a rectangular cross section in the horizontal
plane of the test section.

Vane Gap unit 1. VG—1 and VG-2 are nearly iden- Contact Line unit 2. CL-2 flight unit showing pinning edge in right-
tical, but VG-2 has a coating along the interior center fluid chamber.

surfaces that changes the wetting characteristics

of the fluid. VG-2 also has a slightly thicker vane

than VG-1. This changes the interaction of the

fluid with the vane and the side wall.
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their respective wetting characteristics. One of the two CL units is shown in
the bottom right photograph on the preceding page.

Contact Line unit 1 (CL—-1), the ICF units, and VG units are complete and
awaiting launch. Contact Line unit 2 (CL-2) was launched to the space station
on Progress 13 in January 2004. International Space Station Science Officer
Michael Fincke operated CL-2 on August 28 and again on September 18,
2004. He induced a variety of fluid disturbances, including taps, slides, and
multiple lateral and axial perturbations. Video data were taken and are being
analyzed by Principal Investigator Mark Weislogel at Portland State University
under a grant from Glenn.

The following observations have been made. The correct contact-line bound-
ary condition is pivotal to accurate modeling of large-length-scale capillary
surface dynamics. Large-amplitude lateral oscillations created an hourglass
configuration in the smooth cylinder, but the pinned interface did not de-pin.
Under certain conditions, the pinned interface natural frequency was twice
that of the smooth cylinder, and flows predominantly parallel to the contact
line did not change the frequency or settling times.

Find out more about this research:

Mark Weislogel’s Web site:
http://www.me.pdx.edu/~mmw/

AIAA paper describing CFE:
http://www.me.pdx.edu/~mmw/
AIAACFE.pdf

Glenn contacts:
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Fundamental Research Applied To Enable Hardware

Performance in Microgravity

NASA sponsors microgravity research to generate knowledge in physical sci-
ences. Insome cases, thatknowledge must be applied to enable future research.
This article describes one such example. The Dust and Aerosol measure-
ment Feasibility Test (DAFT) is a risk-mitigation experiment developed at the
NASA Glenn Research Center by NASA and ZIN Technologies, Inc., in sup-
port of the Smoke Aerosol Measurement Experiment (SAME). SAME is an
investigation that is being designed for operation in the Microgravity Science
Glovebox aboard the International Space Station (ISS). The purpose of DAFT
is to evaluate the performance of P-Trak (TSI Incorporated, Shoreview, MN)—
a commercially available condensation nuclei counter and a key SAME
diagnostic—in long-duration microgravity because of concerns about its abil-
ity to operate properly in that environment. If its microgravity performance is
proven, this device will advance the state of the art in particle measurement
capabilities for space vehicles and facilities, such as aboard the ISS.

The P-Trak, a hand-held instrument, can count individual particles as small as
20 nm in diameter in an aerosol stream. Particles are drawn into the device
by a built-in suction pump. Upon entering the instrument, these particles pass
through a saturator tube where they mix with an alcohol vapor (see the figure
on the next page). This mixture then flows through a cooled condenser tube
where some of the alcohol condenses onto the sample particles, and the drop-
lets grow in a controlled fashion until they are large enough to be counted.
These larger droplets pass through an internal nozzle and past a focused laser

beam, producing flashes of light that
are sensed by a photodetector and
then counted to determine particle
number concentration. The opera-
tion of the instrument depends on the
proper internal flow and recycling of
isopropyl alcohol in both the vapor
and liquid phases.

As the instrument was originally
designed, alcohol that condenses
on the inner wall of the condenser
drains back down the saturator tube
by gravity. The condenser in the unit
was modified to promote the capil-
lary flow of liquid alcohol back toward
the saturator without depending on
gravitational forces. This was accom-
plished through a series of 60 pre-
cisely machined grooves, each 0.009
in. deep, which promote the wicking
of the liquid alcohol in the proper
direction along the condenser’sinner
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wall. This design was developed by fluids physics researchers at Glenn fol-
lowing an analysis to measure the contact angle of isopropyl alcohol on the
aluminum surfaces of the condenser. The technique for this analysis is based
on the results of fundamental research conducted at Glenn that investigated
the wetting properties of liquids on surfaces (ref. 1).

For the DAFT experiment, both a modified and an unmodified version of the
P-Trak will be tested in the long-duration microgravity conditions aboard the
ISS. In addition to the P-Traks, another commercial instrument, the TSI Dust-
Trak, will be utilized with the experiment. The DustTrak measures particle
concentrations and is not sensitive to gravity. For experiment operations, DAFT
will be secured to the front of an Expedite the Processing of Experiments to
Space Station (EXPRESS) Rack and gaseous nitrogen provided by the rack
will be used to fill15-liter sample bags. These bags also will be loaded with a
small quantity of a characterized source of particulates made up of Arizona
road dust. One of the P-Traks and the DustTrak will then simultaneously draw
samples from these bags while recording measurements of particle counts and
mass concentrations, respectively. Prior to the particulate/nitrogen sample
entering the instruments, the smallest particles will be removed from the flow
stream by a device called the DAFT Impactor, which was designed with the
guidance of scientists at the National Institute of Standards and Technology.

RESEARCH AND TECHNOLOGY - 2004

The EXPRESS laptop computer will
be used to download the recorded
measurements from the instruments
and downlink them to the ground.
There, they willbe compared to quan-
titatively assess the operation of the
P-Trak: that is, whether or not the
readings of the P-Trak properly cor-
relate to the readings ofthe DustTrak.
These instruments also will take data
from samples of the ISS cabin air.
Environmental Control and Life Sup-
port Systems personnel at the NASA
Johnson Space Center and NASA
Marshall Space Flight Center have
expressed a strong interest in these
measurements since they will pro-
vide valuable information regarding
particulate loading in the ISS cabin
atmosphere. The DAFT hardware has
been formally turned overto Johnson
and awaits shipment to the launch
site.

Reference
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Find out more about this research:
http://microgravity.grc.nasa.gov/
combustion/daft/daft_index.htm
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Milestones Achieved for the Fluids and Combustion Facility

In 2004, President Bush outlined a new space exploration vision
for NASA. The exploration programs will seek profound answers
to questions of our origins, whether life exists beyond Earth,
and how we could live in other worlds. In response, research
projects from NASA's Fluid Physics Research Program were
moved into the Exploration Systems Mission Directorate and
realigned to support the major milestones of this directorate.
A new goal of this research is to obtain an understanding of
the physical phenomena that are important in the design of
the many space-based and ground-based fluids systems that
utilize multiphase flow, such as life support, propulsion, and
power systems.

The Fluids and Combustion Facility (FCF) is a payload planned
for the International Space Station (ISS) that will support the
study of fluid physics and combustion science in along-duration,
microgravity environment. The FCF is a system of on-orbit and
ground hardware, software, experiment operations, and planning
designed to accommodate a wide variety of investigations. On
orbit, it will comprise two powered racks called the Combustion
Integrated Rack and the Fluids Integrated Rack (FIR, see the
photograph to the right). The FCF is being designed for auton-
omous and/or remotely controlled operations primarily through the Telescience
Support Center at the NASA Glenn Research Center. Experimentation in the
FIR will focus on fluids physics phenomena affected by gravity, including the
distribution of phases, pressure drops, and heat transfer coefficients (see the
following photograph). Knowledge gained of these physical phenomena will
enhance the design of space-based and ground-based systems.

The FIR contains the hardware and software necessary for conducting a wide
range of experiments, including experiments supporting NASA's Exploration
Systems mission, while meeting ISS requirements and limitations related
to safety and valuable resources, such as up/down mass and crew time. It
provides many resources and capabilities that can be easily reconfigured for
a wide variety of experimentation. The FIR utilizes the Active Rack Isolation
System, which improves the microgravity environment for experiments by
attenuating on-orbit vibrations transmitted from the Destiny Module to the

Air-water multiphase flow.
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Fluids and Combustion Facility—Combustion Integrated
Rack and Fluids Integrated Rack.

International Standard Payload Rack.
The FIR environmental subsystem will
utilize air and water to remove up to
6 kW of heat generated by the FIR
and payload hardware. The electri-
cal power control unit will provide
120 and 28 Vdc power, power man-
agement and control functions, as
well as fault protection. The FIR will
provide payloads with access to the
ISS gaseous nitrogen and vacuum
systems through the gas interface
subsystem. The FIR command and
data management subsystem will
provide command and data handling
for both facility and payload hard-
ware. The FIR cameras will provide
various cameras and light sources
to support imaging needs.

The FCF is being developed at
Glenn under a prime contract with
Northrop Grumman. Researchers
have concluded the project’s design
phase and are currently assembling
and testing flight hardware. In the
past year, the FIR team success-
fully completed several major mile-
stones, including the integration of
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the core systems (structural, power, and environmental control) into the FIR;
a functional checkout of the core systems; the Active Rack Isolation System
functional checkout and interface test; and several key ISS command and
data-handling interface verifications. The flight hardware availability date is
June 2005, which supports a shuttle launch no earlier than December 2005.
There remain several variables that will affect the ultimate FIR launch date
such as the shuttle return-to-flight date, the revised ISS assembly sequence,
ISS resources available to payloads, and the payload’s manifesting priority
given its relevance to exploration research.

Find out more about this research:
http://fcf.grc.nasa.gov/pages/project.html

Glenn contacts:

Frank G. Gati, 216—433-2655,
Frank.Gati@nasa.gov; and
Myron E. Hill, 216-433-5279,
Myron.E.Hill@nasa.gov
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Glenn’s Telescience Support Center Provided Around-the-
Clock Operations Support for Space Experiments on the

International Space Station

NASA Glenn Research Center’'s Telescience Support
Center (TSC) allows researchers on Earth to operate
experiments onboard the International Space Station (ISS)
and the space shuttles. NASA's continuing investment in
the required software, systems, and networks provides
distributed ISS ground operations that enable payload
developers and scientists to monitor and control their
experiments from the Glenn TSC. The quality of scientific
and engineering data is enhanced while the long-term
operational costs of experiments are reduced because
principal investigators and engineering teams can operate
their payloads from their home institutions.

Glenn plays amajorrole in conducting space experiments.
In 1993, the TSC began providing ground support for
experiments aboard space shuttle flights. During 2000
and 2001, the TSC went through a major renovation and
expansion, more than doubling its capacity. The TSC is
now a secure, multipurpose facility designed to provide
dedicated support for simultaneous training, simulations,
and real-time operations of space experiments. The current configuration
consists of the Payload Operations Center, the Communication and Network
Support Room, the TSC Operations and Support Room, and a visitors view-
ing area that provides access on a noninterference basis.

Since 2001, the TSC has provided over 26,000 hr of continuous support for
diverse microgravity research experiments onboard the ISS, 24 hr a day,
7 days a week, while requiring less than 100 hr of crew intervention. Secure,
dedicated audio, video, and data interfaces are provided to payload teams,
including a digital stream of two channels of video from the ISS and the ability to
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Jack Lekan operates the InNSPACE experiment aboard the ISS
from the Glenn TSC.

communicate directly with the ISS
crew. Hardware and software provide
the ability to send commands to pay-
load hardware and to receive feedback

via telemetry data and video links.

Pre-mission planning and post-
mission debriefing supportis provided
forall payloads. The TSC staff begins
planning for support of a payload up
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to 18 months prior to the start of
operations, depending on the com-
plexity of the payload’s operational
requirements. Payload developers
plan the operations, such as mission
timeline development, resource plan-
ning, simulations, and training from
the TSC. The TSC staff trains all the
payload operations teams prior to mis-
sion operations. Training is tailored to
each payload and covers all aspects
of operations.

In addition to 5000 ft for conducting
payload operations, the TSC is also
a communications and data center.
The TSC provides secure digital audio
links with the ISS Huntsville Opera-
tions Support Center. Audio systems
atthe TSC provide 45 separate digital
channels for payload developers to
communicate with the various groups
working to support ISS operations.
All data, voice, and video resources
are available for each payload atits  vojce communications enable researchers to interact with the Payload Operations
respective console workstation. Work-  ntegration Center at the NASA Marshall Space Flight Center in Huntsville, Alabama.
stations and unique audio channels

are configured for each payload team

according to the team’s needs so that the team can receive
specific data from their flight hardware on orbit. The TSC
provides at least two workstations for each payload and
can manage dozens of terabytes of downlinked data from
payloads.

Real-time video also is networked to the TSC, allowing
payload developers to view ISS video, which displays crew
members interacting with their experiments on orbit and
can include images of experiment execution. The TSC can
receive two of the four ISS video channels simultaneously,
and canroute video directly to the payload developer’s con-
sole position, on the basis of the developer’s requirements.
All systems are monitored by the sustaining engineering
staff daily and by automated systems around the clock.
Short- and long-term storage of scientific and engineering
data and access to a public Web site containing processed
data are also provided. Technical support can be provided
to operation sites outside Glenn when requested.

In fiscal year 2004, six ISS payload teams (SAMS, MAMS,
BCAT-3, CFE, INSPACE, and PIMS) successfully operated
their experiments from the Glenn TSC. The TSC upgraded
33 workstations to Windows XP and installed a state-of-
the-art hot failover firewall system. Also, in preparation for

the launch and subsequent operations of the Fluids and ~ The TSC has an elaborate network system to support voice,
video, and data distribution within the TSC.
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DAFT is operated on the ISS by Glenn engineers.
the ISS.

Combustion Facility (FCF) aboard the ISS, the FCF Central Data System
hardware, which provides 29.4 TB of disk storage, was integrated into the
TSC network.

Glenn contacts:
Diane C. Malarik, 216—433-3203, Diane.C.Malarik@nasa.gov; and
Thomas H. St. Onge, 216—433-3557, Thomas.H.StOnge@nasa.gov
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DAFT operators review data received from their experiment on
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Flight Hardware Fabricated for Combustion Science in Space

In January 2004, President George W. Bush outlined an exciting new space
exploration vision. The exploration programs will seek profound answers to
questions of our origins, whether life exists beyond Earth, and how we could
live in other worlds. In support of this vision, NASA’'s microgravity combustion
research program is being realigned to support major milestones such as a
human Moon landing and establishment of a lunar exploration testbed. The
design and operation of exploration spacecraft and partial-gravity habitats pre-
sents new challenges for fire safety, waste incineration, and power generation.
A major goal of NASA’'s microgravity combustion program is to address these
challenges by gaining increased understanding and insight into the behaviors
of microgravity and partial-gravity flames.

The Fluids and Combustion Facility, a facility-class payload planned for
the International Space Station (ISS), will support the study of fluid physics
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and combustion science in a long-
duration, microgravity environment
(see the photographs on the next
page). The facility is a system of
on-orbit and ground hardware, soft-
ware, experiment operations, and
planning designed to accommodate
a wide variety of investigations. The
majority of the on-orbit hardware will
remain there and be used by many
investigations. Each investigation
will customize the facility with a small
amount of hardware and software.
The facility will be adaptable and
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modular so that it can be upgraded with new
hardware and software as needed.

The facility comprises two powered racks: the
Combustion Integrated Rack (CIR) and the Fluids
Integrated Rack. These will be located adjacent
to each other in the U.S. Laboratory Module,
Destiny. The two racks share common features
and performthe functions of structural hardware,
power control and distribution, environmental
controls, command and data management, com-
munications, and stowage. The facility is being
designed to accommodate 5 to 15 experiments
during the lifetime of the Fluids and Combustion
Facility.

The CIR contains the hardware and software
necessary for conducting combustion science
experiments. It is designed to accommodate a
range of combustion experiments while meeting
ISS requirements and limitations such as safety,
power and energy, cooling, mass, crew time,
stowage, resupply flights, and downlink.

The International Standard Payload Rack provides the supporting and mount-
ing elements for the CIR subsystems and mechanical connections to Destiny.
The CIR provides a bifold door with upper and lower halves, and the passive
rack isolation system attenuates on-orbit vibrations transmitted from Destiny
to the rack.

The optics bench provides structural support, electrical connections, and mount-
ing locations. It spans two-thirds of the rack vertically and can be slid out from
the rack and folded down for access to both sides. It contains the wiring and
cooling airflow, and diagnostics can be interchanged via a quick-latch mecha-
nism at any of eight universal mounting locations around the chamber.

The combustion chamber has a volume of 100 liters (0.40 m in diameter and
0.90 minlength). The frontlid opens for access to the chamber. The experiment
mounting structure is mounted on guide rails in the chamber. This structure
supports internal components, such as a burner, a sample holder, diagnostic
sensors, a flow tunnel, and interface hardware. Electrical, vacuum, gas, and
other connections are made through an interface resource ring. The chamber
has eight interchangeable windows and a maximum design pressure differ-
ential of 827 kPa (120 psig).

The diagnostics measurement systems measure the required and desired
combustion phenomena. Many of these are imaging systems that include the
imaging device, an illumination source, and an image-processing package.
Digitalimaging systems are used for data fidelity and ease in data transfer and
storage. The diagnostic measurements provided by the CIR include pressure
measurements; visible, ultraviolet, and near-infrared imaging; gas composi-
tion; and acceleration.

The Fuel/Oxidizer Management Assembly provides gaseous fuels, oxidizers,
and diluents to the combustion chamber, sampling and analysis of the chamber

Engineering models of the Fluids and Combustion Facility. The Com-
bustion Integrated Rack (CIR) is shown on the left; the Fluids Integrated
Rack is shown on the right.

contents, and venting to space through
the ISS vacuum exhaust system. It
contains gas supply bottles, valves,
pressure regulators and switches, and
mass flow controllers. The gas bottles
may be either 1.0, 2.25, or 3.8 liters
and are replaceable by the crew.

The electrical power system performs
electrical power distribution, conver-
sion, control, management, and fault
protection. The system provides
120 Vdc or converts the ISS 120 Vdc
to the 28 Vdc needed for most loads.
The environmental control systems
remove waste thermal energy, detect
smoke and fire, and provide access
to the 1SS-provided nitrogen and to
the vent system.

The command and data management
system consists of an input-output
processor, the Fuel/Oxidizer Manage-
ment Assembly control unit, a laptop
computer, andimage-processing pack-
ages. The input-output processor
provides commanding and controls,
data acquisition and processing, data
management and checking, and com-
munications to the crew and ground
operators.
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The combustion areas that can be studied in the CIR include, but are not limited The candidate initial investigations
to, fire prevention, detection, and suppression; incineration of solid wastes; will study the combustion of small,
power generation; flame spread; soot and polycyclic aromatic hydrocarbons; spherical, individual fuel droplets (see
and materials synthesis. Near-term experiments will support the exploration the top figure). They will demonstrate
vision. the use of the CIR and will use a com-

mon experiment insert and similar
When possible, similar investigations will be flown at the same time to increase measurements. They will determine

the use of common hardware and diagnostics. A set of multiuser chamber  the flammability of a fuel droplet in

inserts is being designed to support experiments in droplets, solid fuels, and limiting atmospheres of oxygen. Solid
gaseous fuels. Commercial and international investigations will provide their  fuel experiments will focus on the
own chamber inserts or other resources instead of using a NASA insert. quantification of material flammabil-

ity in low-pressure, increased-oxygen
atmospheres (see the bottom figure).
The fuels include wire insulation,
advanced composites, packing foam,
and materials forinflatable structures.
Gaseous fuel experiments will deter-
mine the effectiveness of various
extinguishing agents.

The Fluids and Combustion Facility is
being developed at the NASA Glenn
Research Centerin Cleveland, Ohio,
under a prime contract with Northrop
Grumman Information Technology.
The overall system has concluded
its flight hardware fabrication phase
and is moving toward flight hardware
testing at the package and system
levels. Launch of the CIR is currently
scheduled for 2006.

Find out more about this research:

Fluids and Combustion Facility:
http://fcf.grc.nasa.gov

Microgravity combustion research at
Glenn:

http://microgravity.grc.nasa.gov/

Flame image of an isolated droplet burning in microgravity. This figure is shown in combustion/

color in the online version of this article (http.//www.grc.nasa.gov/WWW/RT/2004/ Glenn contacts:
PT/PTO-omalley.htmi). Terence F. O’'Malley, 216-433-2960,
Terence.F.OMalley@nasa.gov; and

Dr. Karen J. Weiland, 216-433-3623,
Karen.J.Weiland@nasa.gov
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Flame image of a thin sheet of paper burning in microgravity. This fig-
ure is shown in color in the online version of this article (http://www.grc.
nasa.gov/WWW/RT/2004/PT/PTO-omalley.html).
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Instrumentation and Controls

Low-Speed Active Flow Control Laboratory Developed

The future of aviation propulsion systems s increasingly focused on the applica- NASA Glenn Research Center’s
tion of control technologies to significantly enhance the performance ofanew  Controls and Dynamics Technology
generation of air vehicles. Active flow control refers to a set of technologies ~ Branch has developed a state-of-
that manipulate the flow of air and combustion gases deep within the confines  the-art low-speed Active Flow Con-
of an engine to dynamically alter its performance during flight. By employing trol Laboratory in which emerging
active flow control, designers can create engines that are significantly lighter, technologies can be integrated and
are more fuel efficient, and produce lower emissions. In addition, the operating ~ explored in a flexible, low-cost envi-
range of an engine can be extended, yielding safer transportation systems. ronment. The facility allows the most
The realization of these future propulsion systems requires the collaborative promising developments to be pre-
development of many base technologies to achieve intelligent, embedded  screenedand optimized before being
control at the engine locations where it will be most effective. tested on higher fidelity platforms,
thereby reducing the cost of experi-
mentation and improving research
effectiveness.

The laboratory includes a low-speed
wind tunnel (shown in the figure to
the left), with a calibrated test sec-
tion that can be used to evaluate
advanced flow-control actuators and
sensors, and a state-of-the-art real-
time control development platform
for designing and testing closed-loop
algorithms. A variety of precision
instrumentation is available for evalu-
ating and quantifying performance
metrics. Two-dimensional flow-field
visualization is provided by particle
imaging velocimetry. A high-speed
data-acquisition system and a vari-
ety of actuation mechanisms are
available for investigating unsteady
flow-field phenomena.

Thislaboratory has been instrumental
in developing techniques to quantify
the performance and optimize the
design of injector configurations for
the flow-control technologies currently
underdevelopment. The graphonthe
next page shows an example of the
characterization of an injector design
used in compressor experiments.
Active Flow Control Laboratory. The inset shows the test section, which is 12 in. The objective in this instance was to
square and supports velocities up to 40 m/sec. energize the boundary layer flow by
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Example of the velocity profile of an injector design for a separation control applica-
tion in a compressor. Note the identification of the peak velocity in the near and far
field and its spread as it propagates downstream. The parameter U, is the flow rate
of the low-velocity jet, and U, is approximately twice the initial velocity. In applica-
tions related to turbine film cooling, control mechanisms are being explored that
increase the effectiveness of cooling flows while reducing the mass flow require-
ment, potentially leading to increased operating efficiency.

maintaining a high velocity along the
wall yet minimizing jet penetrationinto
the free-stream flow path. The design
considers many factors including jet
source pressure, injection mass flow
requirements, and the complexity of
manufacturing the components.

Find out more about this research:
http://www.grc.nasa.gov/WWW/cdtb/
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Intelligent Life-Extending Controls for Aircraft

Engines Studied

Currentaircraftengine controllers are designed and operated to provide desired
performance and stability margins. Except for the hard limits for extreme
conditions, engine controllers do not usually take engine component life into
consideration during the controller design and operation. The end result is that
aircraft pilots regularly operate engines under unnecessarily harsh conditions
to strive for optimum performance. The NASA Glenn Research Center and
its industrial and academic partners have been working together toward an
intelligent control concept that will include engine life as part of the controller
design criteria. This research includes the study of the relationship between
control action and engine component life as well as the design of an intelligent
control algorithm to provide proper tradeoffs between performance and engine
life. This approach is expected to maintain operating safety while minimizing
overall operating costs.
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In this study, the thermomechanical
fatigue (TMF) of a critical component
was selected to demonstrate how an
intelligent engine control algorithm
can significantly extend engine life
with only a very small sacrifice in
performance. An intelligent engine
control scheme based on modifying
the high-pressure spool speed (NH)
was proposed toreduce TMF damage
from ground idle to takeoff. The NH
acceleration schedule was optimized
to minimize the TMF damage for a
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given rise-time constraint, which represents the performance requirement. NH beyond the designed 85 percent,
The intelligent engine control scheme was used to simulate a commercial and take a sharpercutinthe accelera-
short-haul aircraft engine. tion to reduce the maximum strain at
the peak temperature. This accelera-
The top graph compares the optimum schedules for rise times of 5.5, 5.7, and tion schedule strategy will keep the
5.9 sec with the original schedule. These acceleration schedules provide the rise time relatively constant while
bestresults in minimizing the TMF damage for specified rise time requirements. reducing the maximum temperature
They suggest that the controller should continue the maximum acceleration of  difference (AT) between the airfoil
and the stator endwall.

10 The bottom graph shows the thrust
response curves of the selected opti-
0.9~ mized acceleration schedules during
- the takeoff acceleration process.
£ o8l It can be seen that the optimized
s . thrust curves are kept at a slower
® — Baseline acceleration rate when the full power
2 07F Rise time, level is being approached. Although
§ sec the overshoots are about the same
T 06 T g? in all cases, the maximum metal
% _____ 59 temperatures are all reduced in the
E o5 ' optimized cases in comparison to the
I baseline. The slow acceleration helps
to reduce the maximum temperature
04} difference between the stator airfoil
and the endwall.
03 | | | | | | |
080 085 09 095 100 105 110 115 The table on the next page shows the
Normalized NH speed simulation results of the optimized
schedule in terms of its impact on
Optimized acceleration schedule (normalized). engine life. The results show that the
new control schedules can reduce
the maximum metal temperature as
1051 well as the difference in tempera-
ture between the airfoil and endwall
1.00 - of the cooled stator. In comparison
to the baseline case, an optimized
'EJ? 095 acceleration schedule canreduce the
N TMF damage of the selected compo-
g Y3 nent by 34 percent for standard flight
g 0.90 e conditions while keeping the rise
— ,,.;" Required rise time Required settle time time unchanged. This translates to
% 0.85L /'/ about 52 percent more flights before
B — Baseline the removal of the component from
= o0s80L Rise time, service.
L Sseg The table shows that the TMF dam-
o5/ 57 age can be reduced even more if the
T 5.9 engine is allowed to incur a small
delayinthrustrise time. The tradeoffs
0.70 ' ' ' ' ' between rise time and TMF dam-
14 15 ) 16 1_7 18 19 age can be significant. By allowing
Time (thrust request at time = 10.0) the rise time to increase from 5.5 to
Response curves for different optimized schedules. 5.9 sec, the usable engine life can
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OPTIMIZED THERMOMECHANICAL FATIGUE DAMAGE VERSUS RISE TIME

Rise time | Maximum metal Maximum change TMF Life
temperature in temperature, reduction, | extension,
(difference from (difference from percent percent
baseline), baseline),
Trrgetal’ A-’;max’
5.50 Baseline Baseline - -
5.50 -16 =30 34 52
5.60 —44 46 85
5.70 -50 51 104
5.80 -59 56 127
5.90 —65 58 138

be more than doubled with the optimized schedule over that with the nomi-
nal schedule. This result is important for engine controller design philosophy
because it may prompt the reevaluation of engine performance requirements
to account for overall operating costs.

The research results depend heavily on the fidelity of the engine operation
model, thermal model, and life model. Further research in these areas is impor-
tant for successful transition of the intelligent life-extending control approach
to operating aircraft engines.
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Enhanced Bank of Kalman Filters Developed and
Demonstrated for In-Flight Aircraft Engine Sensor

Fault Diagnostics

In-flight sensor fault detection and isolation (FDI) is critical to maintaining reli-
able engine operation during flight. The aircraft engine control system, which
computes control commands on the basis of sensor measurements, operates
the propulsion systems at the demanded conditions. Any undetected sensor
faults, therefore, may cause the control system to drive the engine into an
undesirable operating condition. It is critical to detect and isolate failed sen-
sors as soon as possible so that such scenarios can be avoided. A challeng-
ing issue in developing reliable sensor FDI systems is to make them robust
to changes in engine operating characteristics due to degradation with usage
and other faults that can occur during flight. A sensor FDI system that cannot
appropriately account for such scenarios may result in false alarms, missed
detections, or misclassifications when such faults do occur.

To address this issue, an enhanced bank of Kalman filters was developed,
and its performance and robustness were demonstrated in a simulation envi-
ronment. The bank of filters is composed of m + 1 Kalman filters, where m is
the number of sensors being used by the control system and, thus, in need
of monitoring. Each Kalman filter is designed on the basis of a unique fault
hypothesis so that it will be able to maintain its performance if a particular fault
scenario, hypothesized by that particular filter, takes place.
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Each of the m Kalman filters is
designed to estimate the engine
state variables and a specific set of
sensor measurements using m — 1
sensors. The sensor that is not used
by a particular filter is the one being
monitored by that filter for sensor fault
detection. One additional Kalman fil-
ter, the (m+ 1)St, is designed to detect
component and actuator faults. This
additional filter distinguishes compo-
nent and actuator faults from sensor
faults; therefore, it makes the sensor
FDI system robust to component and
actuator failure.

With this FDI architecture, where a
bank of Kalman filters are running in
parallel, each Kalman filter generates
a fault indicator signal that indicates
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used by filter i; WSSR (weighted sum of squared residuals) fault indicator signal;
WSSR!, fault indicator signal generated by filter i: WSST, fault indicator signal
(weighted sum of squared tuners).

the existence of faults in the system being monitored. When a sensor, com-
ponent, or actuator fails, all the Kalman filters generate large fault indicator
signals except for the one that is using the correct hypothesis. Consequently,
sensor faults can be detected and isolated, and component and actuator faults
can be detected.

This approach was applied to a nonlinear commercial aircraft engine simula-
tion. Its performance was evaluated at multiple power settings during cruise
operation with respect to (1) missed detections, (2) false alarms, (3) misclas-
sifications, and (4) robust sensor fault isolation. Among these categories, the
most significant result was observed for misclassifications, which are consid-
ered to be the worst erroneous diagnosis that the FDI system can generate

during flight. At three different power
settings, the sensor FDI system was
tested with 1000 different events of
component or actuator faults in the
simulation environment. The sensor
FDI system did not classify any of
these component or actuator faults
as a sensor fault, thus avoiding any
misclassifications. Through extensive
evaluation, the enhanced bank of Kal-
man filters technique demonstrated
good performance and robustness,
indicating that this technology is
promising for improving the safety of
aircraft gas turbine engines.

Bibliography

Kobayashi, Takahisa; and Simon, Don-
ald L.: Evaluation of an Enhanced Bank of
Kalman Filters for In-Flight Aircraft Engine
Sensor Fault Diagnostics. ASME Paper
GT2004-53640 (NASA/TM—2004—
213203, ARL-TR-3252). http://gltrs.
grc.nasa.gov/cgi-bin/GLTRS/browse.
pl?2004/TM-2004-213203.html

QSS Group, Inc., contact:
Takahisa Kobayashi, 216-433-3739,
Takahisa.Kobayashi@grc.nasa.gov

U.S. Army Research Laboratory,
Vehicle Technology Directorate at
Glenn contact:

Donald L. Simon, 216-433-3740,
Donald.L.Simon@grc.nasa.gov

Authors:
Takahisa Kobayashi and
Donald L. Simon

Headquarters program office:
Aeronautics Research

Programs/Projects:
AvSSP

Innovative Adaptive Control Method Demonstrated for Active
Suppression of Instabilities in Engine Combustors

This year, an improved adaptive-feedback control method was demonstrated
that suppresses thermoacoustic instabilities in a liquid-fueled combustor of a
type used in aircraft engines. Extensive research has been done to develop
lean-burning (low fuel-to-air ratio) combustors that can reduce emissions
throughout the mission cycle to reduce the environmental impact of aerospace
propulsion systems. However, these lean-burning combustors are susceptible
to thermoacoustic instabilities (high-frequency pressure waves), which can
fatigue combustor components and even downstream turbine blades. This

can significantly decrease the safe
operating life of the combustor and
turbine. Thus, suppressing the ther-
moacoustic combustor instabilities is
an enabling technology for meeting
the low-emission goals of the NASA
Ultra-Efficient Engine Technology
(UEET) Project.
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Combustor instability suppression poses a challenging feedback control
problem because of unmodeled dynamics, large dead-time phase delays of
a few cycles, combustor noise, large amplitude modulations, random phase
walks, and a system that continuously transitions through inherently unstable
operation at increased suppression levels. To overcome these difficulties, a
sophisticated control approach was developed that does not depend on detailed
modeling of system dynamics. In this control approach, named “adaptive slid-
ing phasor-averaged control,” the controller phase continuously slides back
and forth inside the boundaries of an effective stability region that lies within
a restricted control region in a stationary frame of reference. The combus-
tor pressure oscillations are sensed through a band-pass filter to isolate the
instability from the noise; the filtered pressure oscillations are continuously
phase shifted at a rate of 40 Hz in the direction that suppresses the instabil-
ity; and the phase-shifted pressure signal is used to command the fuel actua-
tor at a rate of 10 kHz to suppress the instability. In addition, discontinuous
exponential gain modulation and control parameter adaptation are employed
to accommodate the effects of large dead-time phase delay in this process
and also to better tune the controller as the control is applied.

This original combustion instability control method was shown to reduce

thermoacoustic-driven combustor pressure oscillations and was demonstrated
for a high-frequency (530-Hz) instability on a single-nozzle combustor rig at the
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United Technologies Research Cen-
ter. Thisrigemulated an actual engine
instability experience and has many
of the complexities of a real engine
combustor (i.e., an actual fuel nozzle
and swirler, dilution cooling, etc.). This
was the first known successful dem-
onstration of high-frequency combus-
torinstability suppressionin arealistic
aircraft engine environment.

By analyzing these test results as
well as results from an earlier low-
frequency (~290-Hz) rig configura-
tion, and from an aeronautics engine
under development, we discovered
a phenomenon called intraharmonic
coupling, which causes energy cou-
pling between the instability harmon-
ics. This phenomenon was exploited
in the control design by modifying
the control algorithm to focus con-
trol selectively on the fundamental
instability mode and/or any of its har-
monics. The original combustor rig at
United Technologies Research Cen-
ter was transferred and reassembled
at Glenn. This rig was configured to
simulate a more coherent instability
atalower frequency of approximately
330 Hz. Test results showed that by
focusing control action on the second
harmonic, both the amplitude spectra
and the time-domain pressure oscilla-
tions of the instability were substan-
tially reduced (considerably more
than when control was focused on
the fundamental mode of the insta-
bility). The amount of fuel modula-
tion required to achieve this level of
suppression was also substantially
reduced. In addition, the higher order
harmonics were eliminated for all
practical purposes. The effects of
focusing control action at harmonic
frequencies higher than the sec-
ond harmonic could not be studied
in this test because of the limited
control bandwidth of the fuel actua-
tor. We plan to investigate this inno-
vative control approach further as
part of the low-emission combustor
development effort under the UEET
Project.
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Discrete Event Supervisory Control Applied to

Propulsion Systems

The theory of discrete event supervisory (DES) control was applied to the
optimal control of a twin-engine aircraft propulsion system and demonstrated
in a simulation. The supervisory control, which is implemented as a finite-state
automaton, oversees the behavior of a system and manages it in such a way
that it maximizes a performance criterion, similar to a traditional optimal con-
trol problem. DES controllers can be nested such that a high-level controller
supervises multiple lower level controllers. This structure can be expanded to
control huge, complex systems, providing optimal performance and increasing
autonomy with each additional level.

The DES control strategy for propulsion systems was validated using a distributed
testbed consisting of multiple computers—each representing a module of the
overall propulsion system—to simulate real-time hardware-in-the-loop testing.
In the first experiment, DES control was applied to the operation of a nonlinear
simulation of a turbofan engine (running in closed loop using its own feedback
controller) to minimize engine structural damage caused by a combination
of thermal and structural loads. This enables increased on-wing time for the

engine through better management
of the engine-component life usage.
Thus, the engine-level DES acts as
a life-extending controller through its
interaction with and manipulation of
the engine’s operation.

Next, the DES control strategy was
applied to a simulation of atwinengine
aircraft’s propulsion control system,
where each of the engines had its
own low-level DES controllerasinthe
firstexperiment. This higher level pro-
pulsion control specifically addressed
the issue of load balancing between
the engines to maintain overall propul-
sion performance. The propulsion-level
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level DES controller above the two engine-level DES controllers.

DES achieved this by giving the engine that could better handle the load the
majority of the burden and giving the engine with more accumulated compo-
nent damage (less remaining component life) the smaller share of the load.
The simulation runs demonstrated that the system with the propulsion-level
DES control was able to successfully complete the predefined mission more
consistently than the system without the controller.

The experiments demonstrated that hierarchical discrete-event supervisory
control could successfully manage the operation of a complex system in an
intelligent manner to achieve the goals of the mission. They also demonstrated
that as more levels of DES control are implemented, the level of autonomy
of the overall system increases. Researchers at the NASA Glenn Research
Center have been working with grantees at the Pennsylvania State University
to more fully develop the hierarchical DES theory for application to aerospace-
related problems.
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Control Algorithms and Simulated Environment Developed
and Tested for Multiagent Robotics for Autonomous

Inspection of Propulsion Systems

The NASA Glenn Research Center and academic partners are developing
advanced multiagent robotic control algorithms that will enable the autonomous
inspection and repair of future propulsion systems. In this application, on-wing
engine inspections will be performed autonomously by large groups of coop-
erative miniature robots that will traverse the surfaces of engine components
to search for damage. The eventual goal is to replace manual engine inspec-
tions that require expensive and time-consuming full engine teardowns and
allow the early detection of problems that would otherwise resultin catastrophic
component failures. As a preliminary step toward the long-term realization
of a practical working system, researchers are developing the technology to
implement a proof-of-concept testbed demonstration.
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In a multiagent system, the individual
agents are generally programmed
with relatively simple controllers that
define alimited setof behaviors. How-
ever, these behaviors are designedin
such away that, through the localized
interaction among individual agents
and between the agents and the envi-
ronment, they resultin self-organized,
emergent group behavior that can
solve a given complex problem, such
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mously inspecting the interior of an engine for damage.
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as cooperative inspection. One advantage to the multiagent approach is
that it allows for robustness and fault tolerance through redundancy in task
handling. In addition, the relatively simple agent controllers demand minimal
computational capability, which in turn allows for greater miniaturization of
the robotic agents.

Under this effort, researchers have
developed and tested a range of
algorithms to address pertinent con-
trol objectives such as cooperative
search, coverage completeness, and
obstacle avoidance. Algorithmsrange
from those that require centralized
coordination and communication to
those that take a more distributed
approach and rely only on indirect
interactions. Each approach has
strengths and weaknesses. Research
isunderway torefine these algorithms
and to investigate how elements of
each approach can be combined to
exploit their respective strengths in
a practical implementation that best
addresses the specific inspection
application.

The researchers developed an inter-
active, three-dimensional graphical
simulation environment to facilitate
the design and testing of the control
algorithms. This virtual testbed soft-
ware can model a three-dimensional
environment that represents the
interior of a turbine system, replete
with obstacles and barriers. Agents
representing inspection robots within
this environment are capable of full
6-degree-of-freedom steering. The
cooperative actions of the agents are
controlled with plug-in control logic
modules that allow developers to
quickly implement and test various
algorithms and to demonstrate the
resulting multiagent behavior in real-
time, three-dimensional motion
graphics.

The final validation of these multi-
agent algorithms will be performed
in a proof-of-concept demonstration
in which a team of real demonstra-
tion robots will cooperatively search
for “damage” targets in a hardware
robotic testbed facility that is being
constructed at Glenn. This demonstra-
tion will validate the feasibility of using
cooperative multiagentrobotics to per-
form efficientand effective inspections
in applications such as on-wingturbine
engine maintenance.

|30 I NASA GLENN RESEARCH CENTER




14 A
12 1 I_ ________ -’/7
3 10 1 /
g 3 7
2 /
o 6 - / = === Random search
‘g / Certainty map (0.01-sec delay)
g oaq )/
2 /
/
O T T T T T T 1
0 20 40 60 80 100 120 140
Time, sec
100 -
80 i ,‘,”"
-— ,’
o -~
o Cd
g 60 - //
S I
o) /
g 40 - ,’ = === Random search
é / Certainty map (0.01-sec delay)
/
20 T II
O T T T T T T 1
0 60 120 180 240 300 360 420

Time, sec
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and cover the environment more efficiently when they use a certainty map-
based cooperative search algorithm instead of a random search.
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Nanorod Material Developed for Use as an Optical

Sensor Platform

Optical sensors are becoming increasingly important in the development of
new nonintrusive or embedded sensors. The use of light and material opti-
cal properties helps us measure unknown parameters such as temperature,
pressure, flow, or chemical species. The focus of this work is to develop new
nanostructure platforms upon which optical sensors can be constructed. These
nanorods are synthesized oxides that form a base structure to which lumines-
cent sensing dyes or dopants can be attached or embedded. The nanorod
structure allows for a much greater open area than closed or polymer-based
sensors do, enabling a much faster contact of the measured species with the

luminescent sensor and, thus, a potentially faster measurement.
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Theinitial developmentofthe nanorod-
based optical sensor has been as a
fast-response air-pressure sensor.
This concept offers the ultimate in
sensor surface area: it maximizes
sensor-to-mediainteraction because
it is just above the molecular size
scale. The pressure sensingworkson
the basis of oxygen quenching, or the
available oxygen in air. Having a very
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Left: Scanning electron microscope image of the tangled-mat optical platform. The weblike structure adds to the platform’s over-
all physical properties. Center: Scanning electron microscope image of the regularly oriented array concept for potential use as
an optical sensor. This structure has a grasslike appearance with all individual limbs aligning; this type of platform has potential
as an optical flow sensor. Right: Scanning electron microscope image of braided ropelike structures, which have more mechani-

cal strength than the individual strands shown in the center photograph.
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Oscilloscope trace showing signals measured from a conventional wired pressure
transducer and from the fast-response optical-pressure sensor.

open structure (approximately 100 times more open than similar sensors) on
which the dye is attached allows an unimpeded movement of air molecules in
and out of the pressure sensor, providing the very fast response. The idea is
to have an entire surface area function as a pressure transducer rather than
using a single embedded wired sensor. The surface would be probed with a
laser to measure the pressure and temperature of the dye, thus providing an
unlimited number of measurement locations.

The nanorod structures that have been produced can be classified in two
categories, tangled mats and regularly oriented arrays, as illustrated in the
microscopicimages. Tangled mats are characterized by their random orientation

and cross-connecting, which pro-
vide higher strength, high porosity,
and large surface area normal to
the sensing direction. The regularly
oriented arrays can grow in various
geometries, often producing round or
rectangular cross sections resembling
nanoribbons or nanobelts, producing
a more delicate, ordered arrange-
ment. Samples of several different
materials and shapes have been
dyed using a dipping method with
no adverse physical changes to the
nanostructure. Optical characteriza-
tion of the pressure sensor for pres-
sure response, photostability, and
frequency response is ongoing.
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Forward Technology Solar Cell Experiment (FTSCE) for
MISSE-5 Verified and Readied for Flight on STS—-114

The Forward Technology Solar Cell Experiment (FTSCE) is a space solar
cell experiment built as part of the Fifth Materials on the International Space
Station Experiment (MISSE-5): Data Acquisition and Control Hardware
and Software. It represents a collaborative effort between the NASA Glenn
Research Center, the Naval Research Laboratory, and the U.S. Naval Acad-
emy. The purpose of this experiment is to place current and future solar cell
technologies on orbit where they will be characterized and validated. This is
in response to recent on-orbit and ground test results that raised concerns
about the in-space survivability of new solar cell technologies and about cur-
rent ground test methodology. The various components of the FTSCE are
assembled into a passive experiment container—a 2- by 2- by 4-in. folding
metal container that will be attached by an astronaut to the outer structure of
the International Space Station. Data collected by the FTSCE will be relayed
to the ground through a transmitter assembled by the U.S. Naval Academy.
Data-acquisition electronics and software were designed to be tolerant of the
thermal and radiation effects expected on orbit. The experiment has been
verified and readied for flight on STS-114.

FTSCE experiment deck to be placed into the MISSE-5 passive experiment
container. Glenn’s GaAs/SiGe/Si and Culn(Ga)Se, experiments (labeled 1
and 2, respectively) are shown.
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The FTSCE consists of an experiment
deck (as shown in the photograph on
this page) that contains the various
solar cells under test, along with a
primary solar panel for experiment
power, Sun-position sensors, and
temperature sensors.

The data-acquisition electronics
designed and built by the Glenn team
are shown in the photograph on the
next page. The electronics consist of
one main microprocessor board and
nine data-acquisition boards. The
main microprocessor board serves
as the command interpreter and
controls the data-acquisition boards.
The core of this assembly is a
radiation-tolerant 80C32E micro-
controller, random access memory
(RAM), and electrically erasable pro-
grammable read-only memory. The
main microprocessor board includes
flash memory so that data are not
only transmitted to the ground, but
also archived on orbit.

Each data-acquisition board can
measure a 32-point current-versus-
voltage (IV) curve on four individual
solar cells, making two temperature
measurements and taking data from
one Sun-angle sensor. Multipoint
IV curves are created by using a
power metal oxide semiconductor
field effect transistor (MOSFET) as
a variable resistor. In practice, most
solar cell experiments employ a bank
of switched load resistors or a pro-
grammable, bipolar current source
for making the IV measurements.
The MOSFET configuration provides
a substantial improvement over pre-
vious IV measurement technology
becauseitis muchlighterand smaller
than the aforementioned load resis-
tors and it is safer for the cells than
a current source.
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Quantum Sensing and Communications Being Developed
for Nanotechnology

An interdisciplinary quantum communications and sensing research effort for ~~ The Quantum Sensing and Commu-
application in microdevices has been underway at the NASA Glenn Research nications team has completed initial
Centersince 2000. Researchersin Glenn’s Instrumentation and Controls, Com-  tests of an optical communications
munications Technology, and Propulsion and Turbomachinery Divisions have  system for low-radiated-power com-
been working together to study and develop techniques that utilize quantum munications. Information has been
effects for sensing and communications. The emerging technology provides  optically transmitted over 1 meter
an innovative way to communicate faster and farther using less power and of free space in an optically noisy
to sense, measure, and image environmental properties in ways that are not  environment. The information was
possible with existing technology. carried in about 10,000 photons/sec,
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line) exhibits monotonic behavior. The non-monotonic
variation in the absorption cross section can be used
to extract virtual-state energy-level information.

or about 3 femtowatts (10~ W) of radiated optical power, at a frequency of
1 kHz. This amounts to 3 attowatts (10~18 W) of radiated power per bit of
information: one of the lowest power tests of information transfer over free
space in a noisy environment known. This technology could solve the ongoing
problem of how to communicate with, or otherwise extract information from,
a nanoscale electromechanical systems (NEMS) device. This testbed will be
used in the future to develop optical communications protocols and compo-
nents applicable for nanorobots.

An example of ongoing quantum sensing work that is part of this project is a
theoretical study where entangled photon virtual-state spectroscopy is applied
to a molecular system for the first time (ref. 1). Entangled two-photon spec-
troscopy is a new technique that will permit ultra-high-sensitivity measure-
ments of molecular properties with very little optical power (attowatts). This
technique has applications, for example, in two-photon fluorescence confo-
cal microscopy because it greatly reduces the optical power needed to avoid
optical damage to the specimen being probed. This work demonstrates that
the two-photon absorption cross section of the hydroxyl radical (OH) induced
by the entangled photons is non-monotonic as a function of entanglement
delay time, as shown in the graph on the left. Taking the Fourier transform of
the data in the left graph allows one to probe the virtual-state energy eigen-
values of OH in energy or frequency space, as shown in the graph on the
right. Thus, one can use a fixed laser excitation energy to produce an energy
spectrum. That is, an energy spectrum can be obtained without scanning
the laser wavelength. This analysis reveals fundamental requirements and
limitations in this new spectroscopic technique such as the requirement that
the relative path delay be varied over a picosecond (10~12 sec) range with a
femtosecond (1015 sec) resolution.
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can be seen in the peaks highlighted by the three enclosed boxes
(labeled a, b, and c). Virtual states of a molecule show the actual
transition path taken by the molecule after it has absorbed the first
photon, but before it has absorbed the second photon. These virtual
states are impossible to observe using conventional, nonentangled
photons. A%+ — X2x; electronic transition of OH.
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Nondestructive Evaluation Tests Performed on Space
Shuttle Leading-Edge Materials Subjected to Impact

In support of the space shuttle Return To Flight efforts at the NASA Glenn excited with ashort pulse of heat from
Research Center, a series of nondestructive evaluation (NDE) tests were high-intensity flash lamps. A series of
performed on reinforced carbon/carbon (RCC) composite panels subjected thermalimages is then captured over
to ballistic foam impact. The impact tests were conducted to refine and verify ~ a period of time. Defect regions are
analytical models of an external tank foam strike on the space shuttle leading seen as nonuniform surface tempera-
edge. The NDE tests were conducted to quantify the size and location of the tures, or hot spots, intheimages (see
resulting damage zone as well as to identify hidden damage. the top figure). Advanced process-

ing techniques are used to improve
Two primary NDE methods were employed in this effort, pulsed thermography detection capability and image con-
and ultrasonic C-scan. In pulsed thermography, the material underinspectionis trast. Ultrasonic C-scan uses a short
ultrasonic pulse introduced into a
material to identify defect regions. As
the ultrasonic wave passes through
the material, defects scatter and
reflect the wave. This creates lower
amplitude signals as measured by a
receiving transducer, which are seen
as a dark area in the resulting image
(see the bottom figure).

This approach was successful in
identifying and characterizing dam-
age from foam striking the RCC
materials directly and at a 45° angle.
The two complementary NDE meth-
ods were able to confirm the damage
identification and location. Further
tests are planned to address damage
duetoice and otherobjects. The NDE
research was performed by personnel

from Glenn’s Optical Instrumenta-
Thermography image of reinforced carbon/carbon panel tion and NDE branch and Cleveland

after impact. Dark region indicates extent of subsurface State University and is supported by

damage. the space shuttle Return To Flight
program.
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Molecular Rayleigh Scattering Techniques Developed
for Measuring Gas Flow Velocity, Density, Temperature,

and Turbulence

Nonintrusive optical point-wise measurementtechniques utilizing the principles
of molecular Rayleigh scattering have been developed at the NASA Glenn
Research Center to obtain time-averaged information about gas velocity,
density, temperature, and turbulence, or dynamic information about gas veloc-
ity and density in unseeded flows. These techniques enable measurements
that are necessary for validating computational fluid dynamics (CFD) and
computational aeroacoustic (CAA) codes. Dynamic measurements allow the
calculation of power spectra for the various flow properties. This type of infor-
mation is currently being used in jet noise studies, correlating sound pressure
fluctuations with velocity and density fluctuations to determine noise sources
in jets. These nonintrusive techniques are particularly useful in supersonic
flows, where seeding the flow with particles is not an option, and where the
environment is too harsh for hot-wire measurements.

Molecular Rayleigh scattering is the result of
elasticlight scattering from gas molecules. When
lightfrom a single-frequency laser beam passes
through a gas, the scattered light is shifted in
frequency by the Doppler effect because of
the bulk motion of the molecules. The optical
frequency spectrum of Rayleigh scattered light
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contains information about the gas density, bulk
velocity, and temperature. The top figure shows
a Rayleigh scattering spectrum containing the
narrow laser line and the broadened Rayleigh
spectral peak. If the gas composition is known,
the total intensity of the Rayleigh spectrum is
directly proportional to the gas density. The
frequency shift between the laser peak and the Fabry-Perot interferometer.
Rayleigh peak is proportional to the bulk flow
velocity. The width of the Rayleigh spectrum is
related to the gas temperature. j ? T
Inboth the time-averaged and dynamic measure-

menttechniques, the spectraofthe laserlightand -
the Rayleigh scattered light are analyzed with a

Fabry-Perotinterferometer (see the centerfigure)
operated in the static imaging mode. The result-

ing circular fringe pattern contains spectral infor- . !
mation about the light. The bottom figure shows - . ]

L1

sample fringe patterns for narrow-line-width laser
light (left), and Rayleigh scattered light (right).
The Rayleigh fringe is thermally broadened and
shifted radially fromthe laserfringebyanamount  scattered light.
proportional to the gas velocity.

For time-averaged measurements, the resulting fringe pattern is recorded with
a low-noise charge-coupled device (CCD) camera. Nonlinear least-squares
analysis of the fringe pattern using a kinetic theory model of the Rayleigh
scattered light provides estimates of the velocity, density, temperature, and
turbulence of the gas flow averaged over the integration time of the camera.
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Sample fringe patterns. Left: Narrow-line-width laser light. Right: Rayleigh

Fordynamic measurements, the cam-
era system s replaced by a detection
system consisting of three photomul-
tiplier tubes (PMTs) operated in the
photon-counting mode and sampled
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at rates up to 100 kHz. One PMT measures the total intensity of the collected
scattered light to provide dynamic density information. Aset of concentric mirrors
is used to split the fringe pattern generated from the Rayleigh scattered light
passing through the Fabry-Perot interferometer into inner and outer regions.
The intensity of the light in the inner and outer regions of the fringe is moni-
tored with the other two PMTs. The ratio of the intensities provides a measure
of the flow velocity since the ratio changes as the fringe diameter increases
or decreases. We are planning to extend the dynamic technique to allow for
temperature measurement by increasing the spatial sampling resolution so
that information about the width of the spectrum is available.
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Megahertz-Frame-Rate Imaging System Developed for
Quantitative Velocimetry Measurements in Unsteady

High-Speed Flows

The ability to capture the unsteady dynamics
of high-speed compressible flows requires the
use of ultrafast imaging diagnostics. Application of
particulate-based scattering techniques to these
types of flows also requires the use of high-power,
pulsed illumination sources such as Nd:YAG solid-
state lasers. High-accuracy flow-field measurements
having both high spatial and temporal bandwidth
have not been previously available because of the
combined constraints imposed by the limited frame
rate of high-sensitivity digitalimage sensors and the
limited pulse repetition rates of commercially avail-
able solid-state lasers. To address this shortcom-
ing and the need for a flow diagnostic system that
satisfies the requirements mentioned, researchers
at the NASA Glenn Research Center developed a

S

frame-rate camera.

Left: MHz-repetition-rate pulse-burst-mode laser. Right: MHz-
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high-resolution, high-framing-rate quantitative
flow-measurement imaging system.

The imaging system is composed of a
megahertz- (MHz-) repetition-rate pulse-burst-
mode laser (built in-house) and a commercial
MHz-framing-rate charge-coupled device (CCD)
camera. The laser and camera are shown in the
left and right photographs (preceding page),
respectively. The laser contains six flashlamp-
pumped Nd:YAG amplifier stages and can pro-
duce a burst train of high-energy pulses (on the
order of 10) during each flashlamp discharge
period, with individual pulse energies exceed-
ing 75 mJ at 532 nm. Novel features of the
laser include the use of fast-acting Pockels
cells for pulse-train generation and a phase-
conjugate mirror for removing parasitic back-
ground lightinthe pulse train. The camera, having
asingle optical input, comprises aninternalimage
splitter unit and four individual intensified, frame-
straddling, high-resolution 1280- by 1024-pixel
CCD camera modules. The intensifiers allow for
a sequence of eight full-resolution frames to be
acquiredin rapid succession. The combined laser
and camera system providesimaging framerates
ranging from 50 kHz to 2 MHz, suitable for use
in high-speed, unsteady, light-scattering-based
velocimetry measurement techniques.

The newimaging system was used to obtain, for
the firsttime, MHz-repetition-rate digital particle
image velocimetry (DPIV)data from a supersonic
nozzle flow with pulsed microjet actuation. The
pulsed train from the laser was formed into a
sheet, which was used to illuminate the partic-
ulate seeded nozzle flow. The high-speedimag-
ing camera was used to record the positions
of the articles at each pulse in the illumination
train. The acquired image data were cross-
correlation processed to obtain the velocity
fields. The resulting sequence of velocity vec-
tor maps for the pulsed nozzle flow is shown in
the figure to the right, where a high-speed fluid
packet is ejected from the nozzle core flow.
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Sequence of velocity vector maps of supersonic nozzle flow with
pulsed microjet excitation obtained via MHz-frame-rate DPIV.
This figure is shown in color in the online version of this article
(http://www.grc.nasa.gov/WWW/RT/2004/RI/RIO-opalski.html).

Ongoing work to extend the capabilities of the imaging system includes making Bibliography

planar Doppler velocimetry measurements by replacing the existing camera  Wernet, M.; and Opalski, A.: Develop-
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thermally sensitive laser components to improve ruggedness in harsh testing

environments.
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Ultrasonic Guided-Wave-Scan System Used to Characterize
C-Enhanced Silicon Carbide Composite During Creep-

Rupture Tests

Ceramic matrix composites (CMCs) are being developed for advanced aero-
space propulsion applications in order to save weight, improve reuse capabil-
ity, and increase performance. However, mechanical and environmental loads
applied to CMCs can cause degradation in the form of discrete flaws and
distributed microdamage that can play a significant role in reducing desirable
physical properties. Categories of microdamage include fiber/matrix debonding
(interface failure), matrix microcracking, fiber fracture and buckling, oxidation,
and second-phase formation. Distributed microdamage in CMCs has proven
difficult to characterize nondestructively because of the complex microstruc-
ture and macrostructure of these materials, and a recent study regarding
the durability of a ceramic matrix composite discussed the requirement for
improved nondestructive evaluation (NDE) methods for monitoring degrada-
tion in these materials.

This year, an ultrasonic guided-wave-scan system developed atthe NASAGlenn
Research Center was used to nondestructively characterize damage in C/SiC
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(carbonfiberin silicon carbide matrix)
ceramic matrix composite samples
that underwent high-temperature
creep-rupture testing. The samples
were creep tested to failureat 1200 °C
in air at a stress of 69 MPa (10 ksi).
The creep tests were interrupted for
ultrasonic guided-wave evaluation
every 2 hr until the material samples
failed. The damage was expected
to be primarily of the oxidation type,
which results in the carbon fibers lit-
erally disappearing. Since ultrasonic
testing has proven sensitive to char-
acterizing voids in ceramics, the use
of the ultrasonic guided-wave-scan
system was explored for (1) map-
ping evolving oxidation profiles along
the sample length (as manifested by
evolving voids) and (2) predicting
ultimate failure location.

The ultrasonic guided-wave method
used at Glenn results in complicated,
multimode signals. These signals
undergo specialized signal process-
ing routines to extract parameters
of the time and frequency domain.
These parameters have proven to be
sensitive to changes in microstruc-
tural conditions and to the presence
of defects. In this study, one of the
calculated parameters, centroid mean
time, appeared to exhibit an evolv-
ing spatial trend that would be con-
sistent with the nonuniform oxidation
damage across the sample that has
been reported previously. Specifi-
cally, normalized centroid mean time
line profiles from 8 to 16 hr showed
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approximately 20- to 40-percent lower values at the center versus the thermal
gradient regions in a creep-rupture-tested sample, possibly indicating a difference
in porosity between these areas. In addition, initial energy images showed that
two other calculated parameters, zeroth moment and ultrasonic decay, were
clearly indicated at the eventual failure location for the sample 1.5 hr prior to
failure. This is a highly significant result since other nondestructive evaluation
methods did not reveal these indications.

The graph on the preceding page shows the normalized centroid mean time as
a function of creep hours and locations along the centerline of the sample. This
parameter, computed from the raw time domain ultrasonic signal, appears to
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Zeroth moment and ultrasonic decay initial energy images for C/SiC sample after
14 hr and after 16 hr of creep tensile testing.

resolve differences between oxidation
behavioratthe centerversus the ther-
mal gradient regions of the sample.
The figure on this page shows the
zeroth moment and ultrasonic decay
initial energy images for the C/SiC
sample after 14 hr and after 16 hr of
creep tensile testing. Note the white
indication in both 16-hr images at
x = 10to 11 cm. Thiswas the eventual
failure location, and it was not appar-
ent after only 14 hr of testing.
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Ability of Impedance-Based Health Monitoring To Detect
Structural Damage of Propulsion System Components

Assessed

Impedance-based structural-health-monitoring uses piezoelectric (PZT) patches
thatare bonded onto orembedded in a structure. Each individual patch behaves
as both an actuator of the surrounding structural area as well as a sensor of
the structural response. The size of the excited area varies with the geometry
and material composition of the structure, and an active patch is driven by a
sinusoidal voltage sweep. When a PZT patch is subjected to an electric field, it
produces a mechanical strain; and when it is stressed, it produces an electric
charge. Since the patch is bonded to the structure, driving a patch deforms
and vibrates the structure. The structure then produces a localized dynamic
response. This structural system response is transferred back to the PZT
patch, which in turn produces an electrical response. The electromechanical
impedance method is based on the principle of electromechanical coupling

RESEARCH AND TECHNOLOGY - 2004

between the active sensor and the
structure, which allows researchers
to assess local structural dynamics
directly by interrogating a distributed
sensor array. Because of mechanical
coupling between the sensor and
the host structure, this mechanical
effectis picked up by the sensor and,
through electromechanical coupling
inside the active element, is reflected
in electrical impedance measured at
the sensor’s terminals.
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Experiments on simple-geometry specimens (thin-gauge aluminum square
plates) were conducted to assess the potential of the electromechanical
impedance method for detecting structural damage. Plate specimens (100 by
100 by 1.53162 mm) were made from 6061-T6 aluminum alloy sheet. Each
plate was instrumented with one 10- by 10-mm PZT patch (0.1905-mm-thick
PSI-5A4E material) purposely located at a location sensitive to vibration. This
location was determined by conducting a finite-element analysis focusing on
the modal response of the plate. Researchers used 10-mm straight electrical-
discharge-machining notches to simulate cracks.

Multiple scenarios were addressed. A single notch was placed at three dif-
ferent locations with increasing distance from the patch as shown in the top
figure. Multiple plates were used, with each plate having only a single notch at
one of the three locations. Electromechanical impedance data were obtained
with an HP 4194A impedance analyzer (Hewlett Packard, Palo Alto, CA). Dur-
ing the experiments, the specimens were supported on foam to provide an
unconstrained support condition.

A series of 15 experiments were
conducted over the frequency band
20 to 40 kHz, which was selected on
the basis of repeatability results. The
data were processed to consider the
real part of the electromechanical
impedance spectrum. The change
induced in the spectrum by the pres-
ence of damage, for the notch located
closest to the PZT sensor, is shown
in the bottom figure. The presence of
the notch significantly modified the
frequency response function. Thiswas
indicated by shifting of the resonant
frequencies and by the appearance
of new resonances. The calculated
correlation coefficient for this case
was 0.497.
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Optical Tweezers and Optical Trapping Improved for Future
Automated Micromanipulation and Characterization

Optical trap arrays are being developed at the NASA Glenn
Research Center for holding, manipulating, and optically inter-
rogating arrays of nanotube sensors. The trap arrays, for
example, might be used to arrange arrays of chemical sensors
for insertion onto a chip in liquid, air, and vacuum environments.
Neural-network-controlled spatial light modulators (SLMs) are
to generate and control the trap positions and trap profiles in
three dimensions.

Glenn researchers have optically levitated glass and polysty-
rene microspheres in air. The following figure shows examples
of microparticles optically trapped in air at Glenn. Typical object-
to-lens distances for conventional microscope optical tweezers
systems, where particles are confined to a liquid environment,
are less than 5 mm. Previous maximum trapping distances
from the focusing lens were 5 cm for levitated particles in air.
Recently, Glenn researchers used a 135-mm-focal-length lens
to levitate groups of test particles more than 25 mm above a
glass plate, and more than 13 cm from the focusing lens. Groups
of levitated particles can be raised and lowered by changing the height of the
beam focus. In addition, levitated particles can be translated horizontally by
changing the horizontal position of the beam focus.

SLM-generated traps are used to position and rotate nanotube clusters in lig-
uid. The SLM can be used to alter a trap profile to exert torque on a nanotube
as well as to change its position. The figure to the top right shows Laguerre-
Gaussian (doughnut-mode) trap profiles exerting torques on nanotube clusters
that are optically trapped in liquid.

AR

o

Left: Four 100-um-diameter glass particles optically levitated to a
height of over 25 mm. Right: Composite photograph illustrating the
particle positions of optically levitated glass microspheres in the
focused beam. The small scale divisions shown are in millimeters.
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Cluster of rotating silicon-carbide nanotubes trapped in
a Laguerre-Gaussian optical trap. The rotation in this
instance was counterclockwise.

Glennalso has developed techniques
for matching the limited processing
capability of neural-netware software
to the full 480- by 480-pixel resolution
of the SLMs. One technique is called
tiling. In tiling, the 480- by 480-pixel
scattered-light image from the trap
array is scaled down to fewer than
10,000 pixels. Neural-network soft-
ware can then easily be trained to
generate a hologram of fewer than
10,000 pixels from the scaled image.
The hologram might be intended to
move a trap to a new position, for
example. The reduced-size hologram
is replicated, and the replicas are
stacked ortiled to coverthe full480 by
480 pixels of the spatial light modula-
tor. The left side of the figure on the
next page shows an array of 48- by
48-pixel holograms that were stacked
to cover the full 480 by 480 pixels of
the SLM and to generate the 480- by
480-pixel trap array shown on the
right. Other stages of neural-network
processing can be used to increase
resolution and to perform sophisti-
cated detection of scattered light pro-
files. Aneural network can be trained
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Neural networks can easily generate smaller holograms. These can be tiled to con-
trol an SLM to generate the 480- by 480-pixel array of traps. Left: Array of 48- by
48-pixel holograms. Right: Corresponding array of optical traps.

to generate a hologram to move a trap to a particular location within an image
tile. The hologram is scaled and added to a tiled hologram to move traps to
anywhere in a 480 by 480 array of locations. A third class of networks can be
used to detect slight changes in the axial-location-dependent light-scattering
profiles from a sensor. This network can be used to control the third dimen-
sion of the sensor location.
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New Deep Reactive lon Etching Process Developed for the

Microfabrication of Silicon Carbide

Silicon carbide (SiC) is a promising material for harsh environment sensors and
electronics because it can enable such devices to withstand high temperatures
and corrosive environments. Microfabrication techniques have been studied
extensively in an effort to obtain the same flexibility of machining SiC that is
possible for the fabrication of silicon devices. Bulk micromachining using deep
reactive ion etching (DRIE) is attractive because it allows the fabrication of
microstructures with high aspect ratios (etch depth divided by lateral feature
size) in single-crystal or polycrystalline wafers. Previously, the Sensors and
Electronics Branch of the NASA Glenn Research Center developed a DRIE
process for SiC using the etchant gases sulfur hexafluoride (SFg) and argon
(Ar) (ref. 1). This process provides an adequate etch rate of 0.2 ym/min and
yields a smooth surface at the etch bottom. However, the etch sidewalls are
rougher than desired, as shown in the top photomicrograph on the next page.
Furthermore, the resulting structures have sides that slope inwards, rather than
being precisely vertical. A new DRIE process for SiC was developed at Glenn
that produces smooth, vertical sidewalls, while maintaining an adequately
high etch rate.

A time-multiplexed etch-passivate
(TMEP) process is widely used in the
DRIE of silicon in forming structures
with aspect ratios greater than 30.
This technique alternates fluorine-
plasma etching of the substrate
with the deposition of a passivating
polymer layer to produce an aniso-
tropic profile (i.e., vertical sidewalls).
Without TMEP, high rates of lateral
etching occur because of the high
reactivity of silicon with fluorine radi-
cals, which causes the etch mask to
be undercut and reduces the aspect
ratio attainable. On the other hand,
SiCisrelativelyinert, and appreciable
etch rates using a fluorine plasma are
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obtained only when the SiC surface
is subjected to ion bombardment.
Since theions are well collimated and
strike only the horizontal surfaces of
the substrate, the SiC etch process s
inherently anisotropic. The lateral etch
rate, however, while small, is not zero,
which roughens the sidewalls.

By utilizing a TMEP process, Glenn
researchers have been able to con-
trol the roughness and slope of the
sides of etched SiC features. An etch
mask of electroplated nickel is used to
selectively protect areas of the wafer.
SFg is used as the etching gas, and
octafluorocyclobutane (C4Fg)is used
to deposita fluorocarbon polymer film
that protects the sidewalls from lateral
etching. Scanning electron micro-
scope (SEM) images of patterned

features demonstrate smooth, vertical
SEM image of a microscale tensile test specimen in the process of fab- sidewalls (see the bottom photomicro-

rication using SFg and Ar plasma. Single-crystal SiC has been etched to graph). Depths of 150 ym have been

a depth of 80 um. achieved with dimensions as low as
50 um. Further development of the
process is expected to enable the fab-
rication of high-aspect-ratio structures
in SiC with smooth sidewalls.
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High-Temperature, Thin-Film Ceramic Thermocouples

Developed

To enable long-duration, more distant human and robotic missions for the
Vision for Space Exploration, as well as safer, lighter, quieter, and more fuel
efficientvehicles for aeronautics and space transportation, NASAis developing
instrumentation and material technologies. The high-temperature capabilities
of thin-film ceramic thermocouples are being explored at the NASA Glenn
Research Center by the Sensors and Electronics Branch and the Ceramics
Branchin partnership with Case Western Reserve University (CWRU). Glenn’s
Sensors and Electronics Branch is developing thin-film sensors for surface
measurement of strain, temperature, heat flux, and surface flow in propulsion
system research. Glenn’s Ceramics Branch, in conjunction with CWRU, is
developing structural and functional ceramic technology for aeropropulsion
and space propulsion.

Ceramic-based thermocouples are known for their high stability and robustness at
high temperatures in environments where metals could not survive, but typically,
they are found in the form of rods or probes. Ceramics also have a substantial
cost advantage. At present, sensors intended for use at high temperatures are
made of platinum and other noble metals. The current price of platinum exceeds

Test fixture in Glenn’s Thin Film Sensors Laboratory with the CrSi-TaC test sample in place.

$900 pertroy ounce, more than 50,000
times the cost of the basic material
cost of ceramics.

Glenn and CWRU have joined forces
to investigate the feasibility of using
ceramics as thin-film thermocouples
for extremely high temperature appli-
cations, thus taking advantage of both
the stability and robustness of ceramics
and the nonintrusiveness of thin films.

Thermocouple samples fortesting are
fabricated from high-purity sputter-
ing targets in Glenn’s Microsystems
Fabrication Laboratory. Thermoelec-
tric data on thin-film chromium silicide
(CrSi) and tantalum carbide (TaC)
were measured for temperatures up
to 650 °C for CrSi and to 450 °C for
TaC. The thermoelectric voltage output
of a thin-film CrSi versus TaC thermo-
couplewasfoundtobe atleast 10times
that of the standard type R (platinum-
rhodium vs. platinum) thermocouple,
producing 59 mV with a 600 °C tem-
perature gradient. The photograph on
the left shows the CrSi-TaC thermo-
couple in a test fixture at Glenn, and
the resulting output signalis compared
with a type R thermocouple output in
the graph below. The temperature dif-
ferential across the sample, from the

Relative thermoelectric voltage out-
put of the CrSi-TaC thermocouple
compared with the standard type R
thermocouple on the test sample.
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center of the sample inside the oven to the sample mount outside the oven, is
measured using a type R thermocouple on the sample.

Because of the low oxidation temperatures of these thin-film thermocouple
elements, additional research needs to be conducted into protective overcoats
for the films if they are to be practical in oxidizing environments. Also, thin-film
ceramic thermocouples must be tested in an inert atmosphere or vacuum to
gain an understanding of their performance and applicability in space-relevant
environments.

This merging of the high-temperature capabilities of ceramics with the non-
intrusiveness of thin films is ongoing. It appears that a new class of ceramic
thin films can be used as high-temperature thermocouples, and this technology
is believed to have applications as resistive temperature and strain sensors as
well. This research advances the effort to develop a complete sensor package
using ceramics as thin-film sensors in environments where standard metal
sensors would not survive.
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Sonoluminescence: A Galaxy of Nanostars Created

in a Beaker

As part of basic and applied research on advanced instrumentation technolo-
gies, the NASA Glenn Research Center is examining applications for sono-
luminescence: ultrasonically produced glowing bubbles that are hotter than
the Sun. In the last decade, those outside of the ultrasonic community have
become interested in understanding sonoluminescence and in using some of
its more interesting properties. First discovered in the 1930s as a byproduct
of early work on sonar, the phenomenon is defined as the generation of light
energy from sound waves. This glow, which was originally thought to be a form
of static electricity, was found to be generated in flashes of much less than
a billionth of a second that result when microscopic bubbles of air collapse.
The temperature generated in the collapsing bubbles is at least 4 times that
of the surface of the Sun.

Theories for the cause of the glow from a collapsing bubble range from black-
body radiation, plasma ionization, quantum vacuum fluctuations, or coherent
optical lasing. Even as these theories are being explored, applications for
the effect are taking shape, from fusion containment to thin-film deposition
systems. Glenn has begun an in-house examination of sonoluminescence to
develop instrumentation and measurement techniques that could ultimately
use the phenomenon to enable safer, lighter, quieter, and more fuel efficient
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vehicles for aeronautics and space
transportation and exploration.

In Glenn’s dark-room apparatus, an
amplified sinusoidal signal was used
to drive a high-intensity ultrasonic
transducerhorn probe insertedintothe
open top of separate glass containers
filled with 50, 100, and 250 ml of dis-
tilled water. At specific input frequen-
cies, multibubble sonoluminescence
(MBSL) was generated and then
photographed in preparation for the
examination of the effect by Glenn’s
state-of-the-artfiber-opticand thin-film
sensors. The submicroscopic glow-
ing bubbles are not visible as distinct
points, but rather as a collection of
corkscrew filaments, or a “galaxy” of
“nanostars,” in the containers.
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Left: Enhanced image of MBSL at 109 kHz in a 100-ml beaker. Exposure time, 2 min at /2.8; field of view, 6.6 by 5.1 cm.
Right: Enhanced image of MBSL at 107 kHz in a 50-ml flask. Exposure time, 3 min at /2.8; field of view, 7.1 by 5.4 cm.

The images above were produced with very little processing other than a color charge-coupled device (CCD)
brightness- or contrast-level enhancement. Resolutions of the MBSL fila- imager calibrated to a standard color-
ments of approximately 100 um per pixel were achieved. Longer exposure rendition chart, is shown in the final
times could brighten an image, but they also blurred the image because the  figure.

positions of the filaments varied irregularly around the local pressure maxi-

mums. A 3-min exposure recorded approximately 18 million cycles of the The chaotic MBSL filament structure
bubbles flashing. An image of the 50-ml flask, which was produced with a can be observed in relation to the
testing cell walls to a submillimeter
resolution integrated over along time
frame (millions of cycles). This fine
resolution will guide instrumentation
and measurement technique devel-
opment so that we can ultimately for-
mulate an application of the effect.
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Materials

As-Fabricated Reinforced Carbon/Carbon Characterized

Reinforced carbon/carbon (RCC) is a critical material for the space shuttle 1/4in., makingita primereliant protec-

orbiter. It is used on the wing leading edge and the nose cap, where maximum tion scheme for vehicle operation.

temperatures are reached on reentry. The existing leading-edge system is a

single-plate RCC composite construction with awall thickness of approximately =~ The schematic to the left illustrates
the RCC material. The RCC material

_— Cracks—some through thickness and the leading-edge design were
//// developed concurrently in the 1970s
A _~—Sodium silicate glass utilizing existing state-of-the-art tech-

nologies. For safe operation, the hot-

—Short SiC fibers, particles testleading-edge panels are currently

‘ limited to 50 missions because of the
<I-—SiC (~1.5 mm) oxidation of the carbon composite

substrate. This limit was established
through empirical correlations of
calculated mass loss with strength
reduction. Extensive testing and flight
qualification have been done on this
material, and it is an integral part of
the orbiter. The Columbia accident
was caused by damaged RCC on the
wing leading edge that was unable to
provide the proper protection for the
wing components.

— Vacuum infiltrate with
tetra ethyl orthosilicate (TEOS)

— Fills cracks with SiOy

e _ As part of the Return To Flight efforts,
RCC material used for the shuttle orbiter. anRCCagingteamcomposedofmem-
bers at the NASA Glenn Research
Center, NASA Marshall Space Flight
Center, NASA Johnson Space Cen-
ter, NASA Langley Research Center,
andArgonne National Laboratory was
established to examine RCC in the
as-fabricated, flown, and furnace-
oxidized state. Leading-edge material
with actual exposures of up to 30 mis-
sions is now available to assess the
severity of actual strength reduction
through testing with current analytical
techniques. Characterization is done
with nondestructive evaluation, micro-
structural examination, and mechani-
cal testing. A detailed microstructural
examination of as-fabricated RCC is
an essential part of this task so that
we can understand the baseline
material. Samples were obtained in
various stages of the process and
examined with optical and electron
Polished cross section showing outer layers. optical techniques. Surfaces and
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mounted, polished cross sections were examined. Quantitative image analy-
sis was used to determine porosity in the polished cross sections, and gas
adsorption techniques were used to measure internal surface areas.

The microstructure of the as-fabricated material had large variations in a vari-
ety of areas including the porosity, coating morphology, and crack density.
The photomicrograph on the preceding page shows the Type-A glass, the
silicon carbon (SiC) layer, and the carbon/carbon substrate. The following
photomicrograph shows a region of the carbon/carbon substrate. The origin
of these pores can be traced to processing steps. Many of the voids are due

Polished cross section showing pores in substrate.

to shrinkage of the resin material dur-
ing pyrolysis.

Establishing a well-documented data-
base for the as-fabricated material
in combination with existing data-
bases will assist in assessing aging
effects from high-temperature and
environmental exposure of the flown
and furnace- or arc-jet-conditioned
material.
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http://www.grc.nasa.gov/\WWW/EDB/
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Followup to Columbia Investigation: Reinforced Carbon/
Carbon From the Breach Location in the Wing Leading

Edge Studied

Initial estimates on the temperature and conditions of the breach in the
Space Shuttle Columbia’s wing focused on analyses of the slag deposits.
These deposits are complex mixtures of the reinforced carbon/carbon
(RCC) constituents, insulation material, and wing structural materials.

RCC10
Port wing RCC panels 5 to 10 =

Sample locations in recovered RCC.

Identification of melted/solidified
Cerachrome insulation (Thermal
Ceramics, Inc.,Augusta, GA)indicated
that the temperatures at the breach
had exceeded 1760 °C.

For the present study, a series of
samples were removed from the
RCC at the breach location of the
recovered Columbia wing leading
edge, as shown in the illustration to
the left. Some knife-edge surfaces
of the RCC exposed relatively clean
carbon/carbon. Fromthese surfaces,
further information on the conditions
of the accident could be extracted.
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Microscopy at the NASA Glenn Research Cen-
ter revealed the mode of attack of the hot oxi-
dizing gases. This photomicrograph illustrates
the “pointed” morphology characteristic of the
oxidation of carbon fibers.

Asecond set of samples was studied at Sandia
National Laboratories. Sandia has developed
a novel technique to look at carbon chars and
determine temperatures from Raman spec-
troscopy. The Raman spectra consist of two
characteristic peaks at 1350 and 1600 cm™".
The magnitude and peak shape correlate with
the size of the crystalline domains in the carbon
chars. These, in turn, correlate with exposure
temperatures in standards. Lower exposure
temperatures yield nanocrystalline graphite,
whereas highertemperaturesyield larger graph-
ite crystals. Comparison with standards indicates
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that the temperatures on some of the recovered Electron micrograph of carbon/carbon taken near the breach showing

RCC fragments may have been greater than
2700 °C. These results provide new evidence
of the upper temperature limits experienced at
the breached wing leading edge of Columbia.

Find out more about this research:
http://www.grc.nasa.gov/ WWW/EDB/
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Flexible Metallic Overwrap Concept Developed for On-Orbit
Repair of Space Shuttle Orbiter Leading Edges

The Columbia accident has focused attention on the critical
need for on-orbit repair concepts for leading edges in the
event that damage is incurred during space shuttle orbiter
flight. Damage that is considered as potentially catastrophic
for orbiter leading edges ranges from simple cracks to holes
as large as 16 in. in diameter. NASA s particularly interested
in examining potential solutions for areas of larger damage
since such a problem was identified as the cause for the
Columbia disaster.

One possible idea for the on-orbit repair of the reinforced
carbon/carbon (RCC) leading edges is an overwrap concept
that would use a metallic sheet flexible enough to conform
to the contours of the orbiter and robust enough to protect
any problem area from catastrophic failure during reentry.
The photograph to the right shows a simplified view of the
application of a refractory metal sheet over a mockup of
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Representation of concept for a refractory metal over-
wrap. Mockup of the space shuttle orbiter RCC panel 9.
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shuttle orbiter panel 9, which experiences the highest temperatures on the loads. Materials chosen for this appli-
shuttle during reentry. The metallic overwrap concept is attractive because of  cation will need to be evaluated with
its versatility as well as the ease with which it can be included in an onboard respectto high-temperature capability,
“repair kit.” resistance to oxidation, strength, coef-

ficient of thermal expansion, and ther-
Reentry of the orbiter into Earth’s atmosphere imposes extreme requirements mal conductivity. The top figure shows
on repair materials. Temperatures can exceed 1650 °C for up to 15 min in the the temperature profile across panel 9
presence of an extremely oxidizing plasma environment. Several other factors  during reentry as well as a schematic
are critical, including catalysity, emissivity, and vibrational and aerodynamic  of the overwrap concept itself.

Temperature,

Metallic

wrap
~

Breach in
RCC panel

Overwrap concept for leading-edge wing repair and a corresponding temperature profile for panel 9. This figure is shown
in color in the online version of this article (http://www.grc.nasa.gov/WWW/RT/2004/RM/RMO3M-ritzert.html).

! i H

Screening of a candidate overwrap material using an oxygen-propane torch at Glenn. Photographs show examples of success-
ful and failed torch screening. This figure is shown in color in the online version of this article (http://www.grc.nasa.gov/WWW/
RT/2004/RM/RMO3M-ritzert.html).
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Refractory metals, which by definition have a melting temperature greater than
2000 °C, are candidates for a flexible overwrap repair concept. This class of
metals exhibits high strengths and can withstand extreme temperatures. The
significant problem with these materials, however, is their high propensity for
oxidation. Coatings are critical for the success of a refractory metalleading-edge
repair. Silicide coating can be applied to the metallic materials to improve the
chances of survival through the oxidizing reentry environment. These coat-
ings, however, are inherently brittle and crack as the overwrap is conformed
to the leading edges. Processes are being investigated to mitigate oxidation
through cracks in the coating either through introducing an oxidation-resistant
underlayer or by introducing a crack-healing overlayer such as a type-A coating
(e.g., sodium silicate).

Several refractory metal candidates were screened at the NASA Glenn
Research Center as potential overwrap candidates. Alloys of niobium, tanta-
lum, molybdenum, and rhenium were coated with an R512E silicide and were
evaluated by a torch that simulates the temperature profile during a 15-min
reentry. Although a few of the candidates showed potential for successful
application, the rhenium sample was clearly the most promising. The bottom
figure on the preceding page shows the torch setup used. Work is continuing
with the development of an iridium underlayer that will mitigate oxidation attack
of the rhenium in the event that cracks form in the silicide coating.

Several design issues remain before a metallic overwrap can be considered as
a reliable repair concept. Expansion differences with the RCC and attachment

of the overwrap to the shuttle panels
are two of the hurdles yet to be evalu-
ated. The promising results gathered
for rhenium and other refractory metal
candidates have made this a primary
concept for the repair of large dam-
aged areas.
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Glenn Refractory Adhesive for Bonding and Exterior Repair
(GRABER) Developed for Repairing Shuttle Damage

Advanced in-space repair technologies for reinforced carbon/carbon compos-
ite (RCC) thermal protection system (TPS) structures are critically needed for
the space shuttle Return To Flight (RTF) efforts. These technologies are also
critical for the repair and refurbishment of thermal protection system struc-
tures of future Crew Exploration Vehicles of space exploration programs. The
Glenn Refractory Adhesive for Bonding and Exterior Repair (GRABER) mate-
rial developed at the NASA Glenn Research Center has demonstrated capa-
bilities for repair of small cracks and damage in RCC leading-edge material.
The concept consists of preparing an adhesive paste of desired ceramic in a
polymer/phenolic resin matrix with appropriate additives, such as surfactants,
and then applying the paste into the damaged or cracked area of the RCC
composite components with caulking guns. The adhesive paste cures at 100
to 120 °C and transforms into a high-temperature ceramic during simulated
vehicle reentry testing conditions.

A number of plasma torch and arc-jet tests were carried out to evaluate the
crack repair capability of GRABER materials for RCC composites. Cracks
were introduced in RCC specimens by machining slots and filling them with
GRABER repair compound. Six RCC specimens with 0.035- and 0.064-in.
machined slots were repaired with GRABER, and the repaired specimens
were tested in the arc-jet facilities at the NASA Johnson Space Center and
the NASA Ames Research Center for approximately 15 min. All six samples

RESEARCH AND TECHNOLOGY - 2004

Post t
model #1996
Left arm

GRABER-repaired RCC specimen after
arc-jet testing. The crack was 1.5 in.
long and 0.035 in. wide. The specimen
survived simulated reentry testing.

survived the tests without any burn
through. This photograph shows the
front view of a crack-repaired RCC
specimen after arc-jet testing. The
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GRABER-based repair materials stopped the plasma flow through the speci-
men and prevented any damage. It is important to point out that unrepaired
RCC specimens with a similar type of damage will have significantburn through
because of plasma oxidation, which transforms the small crack region into a
large hole, leading to catastrophic damage.

GRABER-based materials have multifunctionality and versatility for a wide
variety of repair applications. They have been used as adhesives and sealants
in the patch/plug concept and have performed exceptionally well in plasma-
torch and arc-jet testing. These materials have also shown exceptional plasma
performance as inner-to-outer mold line materials for afilled-wing concept. The
materials are being used to prepare adhesive patches and flexible ceramic
prepregs using different types of fabrics to repair large damaged areas. Further
development and testing are underway to optimize the materials’ properties
and extend the application temperatures.

Find out more about this research:

Materials Division highlights, 2004:
http://www.grc.nasa.gov/WWW/MDWeb/hilights/HCY2004.html

Materials Division highlights, July 2004:
http://www.grc.nasa.gov/WWW/MDWeb/hilights/Cy2004/H072004.html

On-orbit shuttle repair takes shape:
http://www.aiaa.org/aerospace/images/
articleimages/pdf/lannottaaugust04.pdf

Making the Space Shuttles Safer:
Return To Flight Efforts at Glenn:
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Properties of PMR Polyimides Improved by Preparation
of Polyhedral Oligomeric Silsesquioxane (POSS)

Nanocomposites

Thefield of hybrid organic-inorganic materials has grown drastically over the last
several years. This interest stems from our ever-increasing ability to custom-
build and control molecular structure at several length scales. This ability to
control both the composition and structure of hybrid materials is sometimes
broadly referred to as nanocomposite systems. One class of hybrid (organic-
inorganic) nanostructured material is polyhedral oligomeric silsesquioxane
(POSS), shown in the diagram on the left. The hybrid composition gives POSS
materials dramatically enhanced properties relative to traditional hydrocar-
bons and inorganics. An important benefit of this technology is that it makes
possible the formulations of nanostructured chemicals with excellent thermal

Nonreactive organic (R) =

T A @ -« May possess one or more
groups for solubilization

IS 0775 functional groups suitable
and compatibilization Re L7 ~g \ for polymerization
or grafting

Nanoscopic in size —=— Thermally and chemically

with an Si-Si distance R robust hybrid
of 0.5 nm and an R-R (organic-inorganic)
distance of 1.5 nm v / framework

Precise three-dimensional structure for molecular-level
reinforcement of polymer segments and coils

Anatomy of a POSS chemical.

and oxidative stability. This is largely
due to the inorganic component.

Researchers at the NASA Glenn
Research Center investigated add-
ing two different functional POSS
triols (R: ethyl and phenyl) to improve
the properties of a polymerization of
monomeric reactants (PMR) resin
(see the diagram on the right). Both

Chemical structures of POSS triol.
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of these POSS-triol monomers are easily dissolved in methanol, which makes
them well suited for typical PMR formulation approaches.

The PMR polyimide resin (HFPE—II-52, a NASA second-generation polyimide
resin) was prepared with different amounts of POSS triol. Both neat resins
and carbon-fiber-reinforced polymer matrix composites were processed using
the currently optimized HFPE—I1-52 processing cycle. Physical and mechanical
characterization—differential scanning calorimetry, thermogravimetric analy-
sis (TGA), and dynamical mechanical analysis (DMA)—of resins with POSS
incorporation were performed and compared with the control.

Initial experiments were performed to analyze any influence the addition of
POSS to HFPE may have on the chemistry of the system. Differential scanning

120 —
——  HFPE-52-1
——— HFPE-52-2
------ HFPE-52-2'
—-— HFPE-52-
100 52-3
<
(0]
o
[0}
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TGA traces of HFPE—II-52 containing 15 wt% of two moieties of POSS
triol. This figure is shown in color in the online version of this article
(http://www.grc.nasa.gov/WWW/RT/2004/RM/RMO5P-campbell.html).

calorimetry results indicated that the
addition of POSS did not affect the
cross-linking reaction of the endcaps.
In addition, Fourier transforminfrared
microscopy analysis showed no effect
on imidization.

A critical issue with aerospace resins
is the high-temperature stability of
the material. The top graph shows
the TGA traces of HFPE-II-52 with
POSS triols added and compared
with the control sample.

By TGA, HFPE-II-52 with POSSinclu-
sions showed an enhanced thermal
stability inanitrogen (N,) environment.
These experiments will be repeated
in normal air and oxygen (O,) envi-
ronments to examine the oxidative
stability.

DMA was performed to examine the
thermomechanical properties of these
hybrid organic-inorganic polyimides.
The bottom graphs show that samples
reinforced with POSS ftriol exhibit an
improved high-temperature dimen-
sional stability in comparison to the
control HFPE-II-52.

In summary, it has been demon-
strated that nanostructured chemicals
such as POSS can be incorporated
into high-performance resins using
the standard PMR approach. The

Neat HFPE-11-52 Neat HFPE-11-52
(end-capped with PEPA) Reinforced with
1010 Reinforced with —12 1010 phenyltriol POSS 1.2
© = (] =
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Left: DMA of neat HFPE—II-52 and HFPE—-II-52 reinforced with 15 wt% of ethyitriol POSS. Right: DMA of neat
HFPE—II-52 and HFPE-II-52 reinforced with 15 wt% of phenyltriol POSS, where tan § is the (loss modulus)/
(storage modulus): that is, (energy lost as heat)/(energy stored elastically). This figure is shown in color in the
online version of this article (http://www.grc.nasa.gov/WWW/RT/2004/RM/RMO5P-campbell.html).
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incorporation of these hybrid nanostructured chemicals willimprove the thermal
and dimensional stability of high-temperature thermoset polyimides.

This work was performed at the NASA Glenn Research Center by Professor
Andre Lee from Michigan State University. Professor Lee worked at Glenn
through the NASA Faculty Fellowship Program.
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http://www.grc.nasa.gov/WWW/MDWeb/5150/Polymers.html
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Nonhumidified High-Temperature Membranes Developed
for Proton Exchange Membrane Fuel Cells

Fuel cells are being considered for a wide variety of aero- 0.0
space applications. One of the most versatile types of fuel _
cellsisthe proton-exghange-membrane (PEM)fuel cell. PEM ‘TE _104 200°Cc 25 o
fuel cells can be easily scaled to meet the power and space 6 Besprs
requirements of a specific application. For example, small % “""\'Ei:?-ikzg?
100-W PEM fuel cells are being considered for personal 5 207 %“AL:Zw&,,.
power for extravehicular activity suit applications, whereas L “a
larger PEM fuel cells are being designed for primary power *E‘ 3.0+
in airplanes and in uninhabited air vehicles. ‘Cg Cycle
e —>— First
Typically, PEM fuel cells operate at temperatures up to 80 °C. 3 —4.01 ~+ Second
To increase the efficiency and power density of the fuel cell ~+— Third
system, researchers are pursuing methods to extend the -5.0 : : : : ‘
2.0 2.4 2.8 3.2 3.6 4.0

operating temperature of the PEM fuel cell to 180 °C. The
mostwidely used membranesin PEMfuel cells are Nafion 112
and Nafion 117—sulfonated perfluorinated polyethers that
were developed by DuPont. In addition to their relatively high
cost, the properties of these membranes limit their use in
a PEM fuel cell to around 80 °C. The proton conductivity of
Nafion membranes significantly decreases above 80 °C because the mem-
brane dehydrates. The useful operating range of Nafion-based PEM fuel cells
can be extended to over 100 °C if ancillary equipment, such as compressors
and humidifiers, is added to maintain moisture levels within the membrane.
However, the addition of these components reduces the power density and
increases the complexity of the fuel cell system.

Researchers at the NASA Glenn Research Center have developed a new
type of membrane material (GRC AeroM) for use in PEM fuel cells that
has excellent proton conductivity at temperatures as high as 180 °C. The
unique feature of these membranes is that they do not require any external
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Conductivity data for GRC AeroM as function of tem-
perature. Multiple temperature cycles shown.

humidification to operate. The mem-
branes were designed to take advan-
tage of novel microencapsulation
methods and advanced membrane
designs being pursued by Glenn’s
Polymer Branch. The resulting mem-
branes have demonstrated excel-
lent reproducible and stable ionic
conductivity even after 24 hr of cycling
the membrane temperature from 23 to
180°C (seethegraphonthe preceding

NASA GLENN RESEARCH CENTER



page). Plans for future work focus on constructing membrane electrode
assemblies with these materials and testing them in a single-cell hydrogen-
air fuel cell.

Find out more about this research:
http://www.grc.nasa.gov/WWW/MDWeb/5150/Polymers.html
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Fluorescent “On-Off” Sensors Studied for Chemical

Warfare Agents

Sensing of chemical warfare agents is a topic of current
and growing interest. Chemical agents can be detected
or signaled by changes in photoinduced properties, such
as absorption (color), emission intensity (brightness), and
luminescence wavelength (color of emission). Quenching
of photoluminescence intensity is of particular interest
since sensitivity is inherently enhanced because of a dis-
tinct contrast between signaling events (i.e., luminescent
and nonluminescent states). Researchers have utilized
photoinduced electron transfer (PET), energy transfer,
and other methods to produce on/off sensors based on
aromatic and polycyclic aromatic hydrocarbons, aromatic
heterocycles, and transition metal complexes. Each
approach targets specific sensing applications and main-
tains distinct advantages and disadvantages that warrant
continued investigations.

At the NASA Glenn Research Center, our approach to
chemical sensors is based on creating new luminescent
species that can be adapted to respond to generic or spe-
cifictarget molecules. Specifically, an aminofunctionalized
anthracene bisimide (ABI-NH,) (ref. 1) was synthesized
and evaluated as a sensory material for highly reactive
chemical species. Anthracene was utilized as the lumi-
nescent core because of its relative abundance (i.e., low
cost)and depth of synthetic manipulation. Anthracene also
possesses favorable photophysical properties, such as strong absorption and
high quantum yield. Limitations include photoinduced cycloaddition reactions,
including dimerization under concentrated conditions and formation of perox-
ides in the presence of oxygen.

ABI-NH,, was prepared using standard and advanced synthetic methodology,
and its chemosensory behavior was studied (ref. 2). Photophysical evaluation
of ABI-NO,, the precursor and model for ABI-NH,, in N, N-dimethylformamide
(DMF) revealed unique properties, in comparison to anthracene, including
visible absorption, green fluorescence, and photostability in the presence of
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Neutral

Representation of sensing behavior. Top: ABI-NH,, in
neutral and acidic environments. PEG, polyethylene
glycol. Bottom: Off-on luminescence sensing.

oxygen. Unlike the nitrosubstituted
compound, emission from ABI-NH,
was quenched via efficient intramo-
lecular photoinduced electron transfer
(PET) from the amine substituents.

Reaction of ABI-NH, with common
acid halides, such as thionyl chlo-
ride and acetyl chloride, resulted in
dramatic fluorescence enhancement.
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Acids, such as hydrochloric acid or trifluoro-
acetic acid, also turned “on” the luminescence
of ABI-NH, by a reversible dequenching pro-
cess. In addition, acid halides of organophos-
phates, such as methylphosphonic dichloride
and dimethylphosphinic chloride, initiated
the luminescence of ABI-NH,. These ana-
lytes were chosen to mimic the reactivity of
organophosphate-based nerve gases (e.g.,
sarin gas). These data suggest that ABI-NH,
could be applied for the early detection of toxic
chemicals.
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Titration data. The complete curve represents three independent thionyl
chloride experiments with varying initial concentrations of thionyl chlo-
ride. Inset: Selected emission spectra recorded with 425-nm excitation.
This figure is shown in color in the online version of this article (http:/
www.grc.nasa.gov/WWW/RT/2004/RM/RMO7P-meador.html).
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Emission spectra. ABI-NH, in the presence of organophosphate-
based substances similar to nerve gases. PL, photoluminescence.

Mechanical and Electrical Properties of a Polyimide Film
Significantly Enhanced by the Addition of Single-Wall

Carbon Nanotubes

Single-wall carbon nanotubes have been shown to possess a combination of
outstanding mechanical, electrical, and thermal properties. The use of carbon
nanotubes as an additive to improve the mechanical properties of polymers
and/or enhance their thermal and electrical conductivity has been a topic of

intense interest. Nanotube-modified
polymeric materials could find a vari-
ety of applications in NASA missions
including large-area antennas, solar
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arrays, and solar sails; radiation shielding materials for
vehicles, habitats, and extravehicular activity suits; and
multifunctional materials for vehicle structures and habi-
tats. Use of these revolutionary materials could reduce
vehicle weight significantly and improve vehicle perfor-
mance and capabilities.

However, many of these applications may not be realized
unless there are reliable methods to disperse nanotubes
into the polymer matrix. By themselves, carbon nano-
tubes do not dissolve in most solvents, and they tend to
agglomerate because of electrostatic (van der Waal’s)
interactions. Recent work at the NASA Glenn Research
Center has focused on the development of molecular
complexes between carbon nanotubes and large aro-
matic hydrocarbons to enhance the solubility of carbon
nanotubes without adversely affecting their desirable
properties. This work has led to new nanotube com-
plexes that form colloidal dispersions in organic solvents.
These suspensions are stable for days at room tempera-
ture and can be easily used in the fabrication of nanotube-
reinforced polymer films.

A recent study compared the effect of adding varying
amounts of nanotubes and nanotube complexes on the
tensile strength and electrical conductivity of a polyimide
film. The bar chart shows the results.

Addition of either nanotubes or nanotube complexes
increased the tensile strength of the polyimide film. How-
ever, at low loading levels (below 3.5 wt%), addition of
the nanotube complexes had a larger effect on tensile
strength than the addition of the neat nanotubes did.
Overall, addition of these complexes as much as doubled
the tensile strength of the polyimide film.

The effect of added single-wall nanotubes on the resistiv-
ity of the same polyimide film is shown in the line graph.
Addition of single-wall nanotubes resulted in as much
as a 1000-fold decrease in film resistivity (this translates
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Effect of added single-wall carbon nanotubes on the
resistivity of a polyimide film.

into 1000 times higher electrical conductivity). The effects of adding nanotube Glenn contacts:
complexes on the resistivity of the polyimide are currently being measured. Marisabel Lebron, 216-433-2292,

These results demonstrate that mechanical properties and electrical conduc-
tivity of polymers can be altered significantly by the addition of small amounts
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and Dr. Michael A. Meador, 216-433-9518,
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prepared with these nanotubes produce larger effects on mechanical property ~ Dr. Michael A. Meador
enhancement than do the neat nanotubes. Although the resistivities of films Headquarters program office:
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they will follow the same trends seen for the mechanical properties. This work  programs/Projects:

suggests that nanotube-doped polymers could be used as multifunctional  vsp LEAP, AEFT

materials in future NASA missions.
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Novel Elastomeric Membranes Developed for Polymer

Electrolytes in Lithium Batteries

Lithium-based polymer batteries for aerospace

applications need to be highly conductive from 5 crofjifked
—70to 70 °C. State-of-the-art polymer electrolytes 4.5x10 Sifane

are based on polyethylene oxide (PEO) because of 1 crosslinked| 2 3x10
the ability of its ether linkages to solvate lithium ions. 40 4

Unfortunately, PEO has a tendency to form crystalline '

regions below 60 °C, dramatically lowering conductiv- 3.5 1

ity below this temperature. PEO has acceptable ionic 5 30 4 Rod-coil

conductivities (1074 to 10-3 S/cm) above 60 °C, but @ 0C-co)

it is not mechanically strong. The room-temperature 2 2.5 1

conductivity of PEO can be increased by adding sol- % 20 4

vent or plasticizers, but this comes at the expense é

of thermal and mechanical stability. One of NASA g 1.5 1

Glenn Research Center’s objectives in the Polymer 1.0 4

Rechargeable System program (PERS) is to develop

novel polymer electrolytes that are highly conductive at 0.5 1

and below room temperature without added solvents 0.0 4

or plasticizers.

Room-temperature conductivity of state-of-the-art PEO and previous

rod-coil polyimides compared with new elastomeric polymers.

Glenn previously produced a series of rod-coil block

copolymers made from polyimide rods alternating with

short PEO segments. When doped with lithium salts, these polymers were
strong, flexible, thermally and mechanically stable up to high temperatures,
and completely amorphous over the required temperature range. Further-
more, these polymers demonstrated room-temperature conductivities as high
as 2.3x107% S/cm, in comparison to 6.0x10~6 S/cm for state-of-the-art PEO
measured in-house.

Recently, Glenn researchers made new block copolymers that improve upon
the conductivity of the rod-coil polymer systems while maintaining dimensional
stability. In the new systems, the polyimide segment is replaced by a triazine
molecule with three reactive sites toward primary amines. The third reactive
position provides a site for both branching to increase conductivity and cross-
linking to provide mechanical strength. Films have been cross-linked by silicon-
oxygen bridges to provide a partial inorganic network. The most conductive
films in this series have a room-temperature conductivity of 3.7x10° S/cm
when doped with lithium salts. Films also have been cross-linked with PEO

Silane cross-linked elastomer before and after stretching.

molecules that are terminated with
primary amines at both ends. The
highest conductivity obtained sofarfor
these films is 4.3x107 S/cm. These
new polymers are readily castinto rub-
bery freestanding films when cured at
160 °C. The polymer films are stable
to over 300 °C and can be stretched
to over 7 times their original length.

Find out more about this research:
http://www.grc.nasa.gov/WWW/
MDWeb/5150/Polymers.html
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High-Temperature Polymer Composites Tested for
Hypersonic Rocket Combustor Backup Structure

Significantcomponentweight reductions are required to achieve the aggressive
thrust-to-weight goals for the Rocket Based Combined Cycle (RBCC) third-
generation, reusable liquid propellant rocket engine, which is one possible
engine for a future single-stage-to-orbit vehicle. A collaboration between
the NASA Glenn Research Center and Boeing Rocketdyne was formed
under the Higher Operating Temperature Propulsion Components (HOTPC)
program and, currently, the Ultra-Efficient Engine Technology (UEET) Project
to develop carbon-fiber-reinforced high-temperature polymer matrix compos-
ites (HTPMCs). This program focused primarily on the combustor backup
structure to replace all metallic support components with a much lighter
polymer-matrix-composite- (PMC-) titanium honeycomb sandwich structure
(refs. 1 to 3).

On the basis of literature and database analyses and scouting feasibility
studies, a Glenn-developed second-generation polymerization of monomeric
reactants (PMR) polyimide resin (PMR-II-50) composite reinforced with a
carbon fiber (M40J) was considered for the high-temperature facesheet of the
sandwich structure that required substantial stiffness to contain deflections in
the combustor. Challenges were raised because of the severe rocket engine
environments—including the extremely high power density, temperature
extremes (up to 600 °F), high thermal gradients, severe thermal shock under
humid conditions (maximum heat-up rate ~250 °F/sec), extreme fluid flow rates
and pressure changes (from 0 to 100 psi over approximately 100 sec), reactive
propellants and complex dynamics, and geometric restriction of the rectangular
combustion chamber design. Finally, the significant mismatch of the thermal

Artist’s rendering of typical all-metal A5 RBCC engine and photograph of the PMC-
supported combustor.
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expansion between the combustor
inner metal jacketand PMC facesheet
was another challenge to the design
and manufacturing of this sandwich
structure.

A multiteam collaboration was estab-
lished to validate and optimize the
use of the dissimilar materials. The
tasks performed in this validation
included evaluating the PMC structure-
process-property relations, under-
standing the performance durability
forboth coupons and subcomponents,
applying high-temperature adhesive
bonding and surface treatments, per-
forming finite element modeling for
various component configurations
as afunction ofthermal-and pressure-
loading conditions, optimizing the
design and manufacturing of the
subscale and full-scale structures, and
conducting a full-scale engine sim-
ulation of the complete combustor.
This building-block approach was
adopted for a successful integration
of all these materials into the PMC
combustor support structure. Risks
were minimized through extensive
design analysis, testing of the PMC
panels and Pathfinder sandwich pan-
els, and fabricating demonstrators.

During the design of the lightweight
support structure (see the illustration
to the left), PMC corner clips were
added to stabilize combustor wall
deflections. The combination of
thickeradhesive layers and optimized
postcure conditions improved bond
strength, which significantly reduced
the thermal expansion mismatch and
the components’ residual stresses.
The hot-fire testing of the HTPMC
combustor support structure for
the RBCC engine was successfully
conducted at ATK-General Applied
Science Laboratory (GASL) (see
the photograph on the next page).
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This testing concluded a 3-year collaboration between
Glenn and Boeing.

The supportstructure successfully survived a total of eight
hot-fire test runs: that is, it met the design specifications
by withstanding up to 50-psig chamber pressure at 285 °F
PMC temperature under 4000 °F combustion gas with
10 ft/sec and 1450-psia water cooling for durations of
40 to 60 sec. The Computer Aided Tap Tester nondestruc-
tive evaluation verified the structural integrity of the
PMC facesheets, core, and bondlines before and after
each hot-fire test. Significant weight reductions were
achieved. A Boeing Company tradeoff study indicated
that replacing the all-metal support structure with the
PMC-titanium honeycomb structure afforded a weight
savings of up to 77 percent and an overall combustor
weight savings of ~25 percent.

air heater

In addition to satisfying animportant technical milestone,

this activity is noteworthy because it constitutes a

number of firsts. This was the first application for Rocketdyne of an HTPMC in
a space propulsion component. Successful completion of this test will enable
Rocketdyne to explore other applications for HTPMCs in their engines. It was
also the first time that a full-scale PMC structure had been tested at GASL.
Experience gained from this testing will enable GASL to more easily test
similar structures.

This research was supported by the (HOTPC) Program managed by Carol
Ginty. We would like to express our gratitude to the following groups for
their collaboration on this project: Ohio Aerospace Institute (OAI), Air Force
Research Laboratory (AFRL-MLBC and AFRL-MLS), University of Denver,
Adherent Technologies, Gougeon Brothers, Inc., SRI, Maverick Corp., YLA,
Inc., Intec, Inc., Boeing-Long Beach, Boeing Phantom Works—Seattle, Canyon
Composites, Inc., Fiber Innovation, Inc., and Innovative Ind.
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Mechanically Strong, Lightweight Porous Materials

Developed (X-Aerogels)

Aerogels are attractive materials for a variety of NASA missions because they
are ultralightweight, have low thermal conductivity and low-dielectric constants,
and can be readily doped with other materials. Potential NASA applications
for these materials include lightweight insulation for spacecraft, habitats,
and extravehicular activity (EVA) suits; catalyst supports for fuel cell and
in situ resource utilization; and sensors for air- and water-quality monitoring for
vehicles, habitats, and EVA suits. Conventional aerogels are extremely fragile
and require processing via supercritical fluid extraction, which adds cost to the
production of an aerogel and limits the sizes and geometries of samples that
can be produced from these materials. These issues have severely hampered
the application of aerogels in NASA missions.

Researchers at the NASA Glenn Research Center have developed a new
class of strong lightweight materials, named X-Aerogels. These materials are
produced by reacting the internal (mesoporous) surfaces of porous networks
of inorganic nanoparticles with polymeric crosslinking agents. The following
illustration shows a schematic of the microstructure of a typical aerogel before
and after modification with an isocyanate. Reaction of the aerogel with an iso-
cyanate monomer results in the formation of conformal polyurethane/polyurea
coating around the nanoparticles.

The most striking feature of these novel aerogels is that, for a nominal increase
(no more than threefold) in density, their mechanical strength can be increased
by up to 300 times that of the unmodified, conventional aerogel. In addition, the
specific compressive strength of these materials is ~10 times that of steel. The
graph on the next page shows the stress-strain curve of a typical X-Aerogel
monolith under a compressive load. Under compression, these aerogels fail
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Microstructure of a silica aerogel cross-linked with polyurethane/polyurea (X-Aerogel).
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~

at a load of about 30,000 psi, where
the sample has been compressed
to ~80 percent of its original length
with no bucking and only a minimal
“swelling” (~20 percent). This occurs
mostly during the last stages of
compression. The thermal conduc-
tivity of these new aerogels is in the
range of only 20 to 40 mW/mK, about
3 to 6 times that of a conventional
aerogel. Ongoing research with these
materials is focused onreducing their
density and thermal conductivity while
maintaining acceptable mechanical
properties.

Other Glenn research is focused
on extending this approach to the
development of other aerogel mate-
rials. Two parallel approaches are
being explored—(1) developing
aerogels from other inorganic mate-
rials besides silica and (2) utilizing
other polymer cross-linkers besides
diisocyanates. Along these lines, this
chemistry has been successfully dem-
onstrated with more than 35 different

i
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Periodic table showing elements that have been made
into aerogels and have been successfully cross-linked into
X-Aerogels.
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Stress-strain curves from a compressive strength test of an

isocyanate cross-linked X-Aerogel monolith (~0.45 g/cm3,

0.7 in. diam, 1.5 in. long). (Data obtained by Prof. Samit Roy

of Oklahoma State University).

metal and semimetal oxide aerogels utilizing isocyanates as
the cross-linking agent (see the periodic table). Many of these
new aerogel materials may have unique optical, magnetic,
or electrical properties.

In addition, the surfaces of the silica aerogels have been

modified with (1) amines that have then been cross-linked

with epoxies and (2) olefins, such as polystyrene. Polysty-

rene, because of its high hydrogen content, has been shown

to be an effective radiation shielding material. The radiation

shielding capabilities of polystyrene cross-linked aerogels

are currently under investigation. It may be possible thatthese ~ Flexible, low-density (~50 mg/cm?) isocyanate cross-

new aerogels could afford both radiation protection and ther- linked X-Aerogel.

mal insulation to astronauts on future exploration missions.
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Effects of High-Temperature Exposures
of Disk Superalloys Examined

Tests used to characterize the low-cycle-fatigue resistance of disk superal-
loys are usually performed at cyclic frequencies of 0.33 Hz or faster. However,
service conditions for disks in some aerospace and land-based gas turbine
engines can produce major cycle periods extending from minutes to hours
and days.

Over a service life, this can produce total service times near the maximum
temperature that exceed 100 hr for aerospace applications and 100,000 hr
for land-based applications. Such time-dependent effects of realistic mission
cycles on fatigue resistance can be significant in superalloy disks, and need
to be considered for accurate disk life prediction.

The purpose of this study at the NASA Glenn Research Center was to exam-
ine the effects of extended exposures and extended cycle periods on the
fatigue resistance of two disk superalloys. Current alloy Udimet 720 (Special
Metals Corporation, Huntington, WV) disk material was provided by Solar
Turbines/Caterpillar Co., and advanced alloy ME3 was provided by the
NASA Ultra-Efficient Engine Technologies (UEET) Project, in powder-
metallurgy-processed, supersolvus heat-treated form. Fatigue specimens
were fully machined and exposed in air at temperatures of 650 to 704 °C for
extended times. Then, they were tested using conventional fatigue tests with
a total strain range of 0.70 percent and a minimum-to-maximum strain ratio
of zero to determine the effects of prior exposure on fatigue resistance. Sub-
sequent tests with extended dwells at minimum strain in each fatigue cycle
were performed to determine cyclic exposure effects.

The effects of various prior exposures at 650 to 704 °C for 100 to 1029 hr
were first evaluated on Udimet 720 fatigue life and failure modes. Resulting
Udimet 720 fatigue lives at 650 °C, including prior exposed and unexposed
lives, could be generally grouped according to failure-initiation sites (see the
graph on this page). Specimens failing from surface-oxide-initiated cracks
had about 80-percent lower lives than those failing from internal cracks at
inclusions or grain facets.
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Udimet 720 fatigue lives for 0.70-percent
strain range at 650 °C—including prior
exposed, unexposed, and cyclic dwell
lives—could be generally grouped by
failure initiation sites.

Cyclic dwell tests at 650 °C were then
performed with a dwell time based
on the longest prior exposure time at
650 °C divided by the subsequentlog
mean cyclic life. These tests reduced
mean lives by about 90 percent from
unexposed, conventional test lives,

65 |




v 7 SR
Ly \
I 3

k:!{ s

Fractured surfaces (left) and metallographic sections (right) showed failures initiated
at surface oxidation for many exposed and all cyclic dwell specimens of Udimet 720
and MES3.

and specimens invariably failed from surface-oxide-initiated cracks (see the
photomicrographs above). Cyclic dwell lives were lower than the preexposed
lives, suggesting that the damage produced by each fatigue cycle and a dwell
exposure can interact.

Further discriminating evaluations were performed using disk alloy ME3 with
a constant total exposure time. Cyclic dwell tests were first performed on ME3
to get a log mean cyclic life of 26,362 cycles and test duration of 439 hr at
the same strain conditions as before (see the graph on this page). This test
duration time was then used as the prior exposure condition. The contribu-
tion of environmental attack was isolated by comparing prior exposures of
704 °C/439 hr in air versus vacuum. Prior exposure in air reduced fatigue life
about 50 percent from unexposed levels, and induced surface-oxide-initiated
failures. Prior exposures in vacuum did not significantly reduce subsequent
mean fatigue life from unexposed levels, and did not induce surface failures.
This indicated that the air environment was strongly contributing to the dam-
age. Long exposures could also be detrimental by reducing the beneficial
compressive residual stresses produced near the specimen surface during
machining. These effects were evaluated by electropolishing away the surface
layer on several specimens before conventional fatigue testing. The fatigue
lives of these specimens showed more scatter than for the unpolished speci-
mens, but fatigue life was not consistently reduced by the electropolishing.
This indicated that the relaxation of beneficial compressive residual stresses
was not strongly driving the life reductions due to exposure. Cyclic dwell test-
ing was again most damaging, reducing mean fatigue life about 90 percent in
comparison to unexposed, conventional fatigue test life.

It was concluded that exposure effects can significantly influence disk super-
alloy fatigue lives by shifting the failure initiation sites from internal defects
to environment-affected surface layers. Prior exposures of specimens can
be used to help approximate some aspects of the exposure effects that may
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Life cycles
Controlled experiments on ME3 for
0.70-percent strain range at 704 °C
indicated that mixed cycling and
exposure in air is life limiting.

occur during service by activating,
to some degree, a fatigue cracking
mechanism at surface oxidation.
However, more realistic cyclic dwell
tests produced the lowest lives here,
and these can give more accurate
indications of the effect of cumulative
exposure on service lives.
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Potential High-Temperature Shape-Memory-Alloy Actuator

Material Identified

Shape-memory alloys are unique “smart materials” that can be used in a
wide variety of adaptive or “intelligent” components. Because of a martensitic
solid-state phase transformation in these materials, they can display rather
unusual mechanical properties including shape-memory behavior. This phe-
nomenon occurs when the material is deformed at low temperatures (below
the martensite finish temperature, M;) and then heated through the martensite-
to-austenite phase transformation. As the material is heated to the austenite
finish temperature Ay, it is able to recover its predeformed shape. If a bias is
applied to the material as it tries to recover its original shape, work can be
extracted from the shape-memory alloy as it transforms. Therefore, shape-
memory alloys are being considered for compact solid-state actuation devices
to replace hydraulic, pneumatic, or motor-driven systems.

Currently available shape-memory alloys have a temperature limit of about
70 °C, and thus their use in turbine engines is quite restricted. The NASA
Glenn Research Centerhas beeninvestigating the properties of various ternary
NiTi-X alloys to look for compositions that could be utilized as high-temperature
shape-memory alloys for high-force actuator applications. Although many
ternary NiTi-based alloys have high transformation temperatures, there are
insufficient data to make a definitive determination of the suitability of these
alloys as high-temperature actuator materials (ref. 1). We have determined that
some alloys previously identified as promising candidates on the basis of their

40 - Heating
48.7 ksi (1266 in.-Ib/in.3) Cooling
30 & 37.3ksi (862 in.-bfin.3)
£ 28.7 ksi (562 in.-Ib/in.3)
S
[0
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»n
1.0 [
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0.0 | | | |
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Temperature, °C

Set of strain-temperature curves for Ni,,Pts,Tis, measured under various constant-
stress conditions. The light and dark curves show the alloy response during heating
and cooling, respectively.
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transformation temperature alone do
notexhibit sufficient mechanical prop-
erties to be used in such applications
(e.9., NiyoPtsqTisg). However, we have
identified a baseline alloy, Niy Pty Tis
(at.%) and derivative compositions
that look exceptionally promising.

The baseline Ni,oPt3,Tig alloy has
transformation temperatures of M,
270 °C; My, 245 °C; A, 260 °C; and
Af 275 °C, permitting this alloy to
be used at sustained temperatures
of about 240 °C, over 3 times the
temperature capability of commer-
cial alloys. In simple extruded form,
the material has a tensile ductility of
about 5 percent at room temperature
and is capable of 100-percent strain
recovery (elastic + shape memory)
when deformed up toits fracture limit.
However, previous experience has
shown that recovery under stress-
free conditions is not an adequate
assessmentofthe material’s potential
to performwork. Consequently, strain-
temperature cycles were performed
under varying constantapplied stress
levels. The work performed by the
martensite-to-austenite transforma-
tion was determined by multiplying
the transformation strain during
heating by the applied stress level
(seethe graph onthis page). The work
capability of the material meas-
ured from these curves was over
1200 in.-Ib/in.3 and appeared to be
limited only by the tensile ductility of
the alloy, which can be increased sig-
nificantly through proper thermome-
chanical treatment.This work level is
comparable to those of typical binary
NiTi alloys (ref. 2).

Although the results are preliminary,

it would appear that NiyoPt3,Tis,
is an attractive material for use in
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as a function of applied stress level for various NiTiPt alloys and binary NiTi. The
20 Pt-containing alloys can perform work similar to that of binary NiTi.

Processing of NiyoPt,oTisq High-Temperature
Shape-Memory Alloy Into Thin Rod Demonstrated

High-temperature shape-memory alloys (HTSMAs) based on nickel-titanium  these materials, including the NiPtTi
(NiTi) with significant ternary additions of palladium (Pd), platinum (Pt), gold alloys being developed at the NASA
(Au), or hafnium (Hf) have been identified as potential high-temperature Glenn Research Center, will never
actuator materials for use up to 500 °C. These materials provide an enabling find widespread acceptance unless
technology for the development of “smart structures” used to control the noise, they can be readily processed into
emissions, or efficiency of gas turbine engines. The demand for these high- useable forms.

temperature versions of conventional shape-memory alloys also has been

growing in the automotive, process control, and energy industries. However = Consequently, Glenn researchers
have been working with various
metal fabricators in the processing
of HTSMA, mapping successful proc-
essing conditions for the extrusion
and forging of wrought material. In
addition, one of the necessary steps
in the eventual maturation of these
alloys is the ability to produce the
material into thin rod or wire form.
Therefore, we recently demonstrated
Piece of NigyPt,,Tis, 0.056-in.-diameter rod processed by high-temperature successful processing conditions for
swaging. the fabrication of HTSMA thin rod by
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Left: Microstructure of as-extruded alloy before swaging. Right: Microstructure
of the final 0.056-in.-diameter Ni4,Pt,,Tig, rod, resulting in at least an order-of-
magnitude reduction in grain size.

high-temperature swaging in conjunction with Rhenium Alloys, Inc. (see the
photograph on the preceding page).

Thermomechanical processing of a NiyyPtyTisy alloy into fine-diameter
rod form results in at least an order-of-magnitude reduction in grain size in
comparison to the starting grain size of the as-extruded material (as seen
in the photomicrographs above). We anticipate that this modification to the

RESEARCH AND TECHNOLOGY

microstructure of the NiPtTi will signifi-
cantly improve the mechanical prop-
erties ofthe alloy. Therefore, plans call
for future efforts to characterize the
mechanical properties of the HTSMA
rod and to further develop processing
conditions for the eventual fabrication
of fine-diameter wire.
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Candidate Materials Evaluated for a High-Temperature

Stirling Convertor Heater Head

The Department of Energy and NASA have identified Stirling Radioisotope
Generators (SRGs) as a candidate power system for use on long-duration,
deep-space science missions and Mars rovers (ref. 1).

One of the developments planned for an upgraded version of the current
SRG design is to achieve higher efficiency by increasing the overall operating
temperature of the system. Currently, the SRG operates with a heater head
temperature of 650 °C and is fabricated from the nickel-base superalloy 718.
The current operating temperature is at the limit of alloy 718’s capability, and
any planned increase in temperature will be contingent on identifying a more
capable material from which to fabricate the heater head. To this end, person-
nel at the NASA Glenn Research Center are evaluating advanced materials
for a high-temperature heater head to allow a higher convertor temperature
ratio and, thus, increase the system efficiency (ref. 2). A generic list of prop-
erties that were used to screen the candidate materials follows: (1) creep,
(2) fabricability, (3) helium gas containment, (4) long-term stability and com-
patibility, (5) ability to form a hermetical closeout seal, and (6) ductility and
toughness.

For the lower end of the advanced heater head operating temperature range,
superalloys are an obvious choice. To identify potential candidates, Glenn
researchers screened essentially all commercially available superalloys on the
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basis of their published properties to
the criteria just listed. From this initial
screening, five candidate superalloys
were chosen for detailed testing:
MarM-247, Udimet 720, IN738LC,
IN939, and MA754. A 50-Ib heat of
each material was then obtained,
and creep testing was performed at
various stress/temperature combi-
nations. After 1 year of creep testing
and microstructural characterization,
we decided that MarM-247 was the
most promising candidate. Addi-
tional heats of MarM-247 were then
obtained, with various grain sizes
in order to determine the optimum
grain size for maximizing creep resis-
tance in the thin, 1-mm-thick heater
heads.

Screening criteria similar to those
used for the superalloys were used to
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screen the refractory alloys. ASTAR-811C (tantalum alloy) and rhenium were
chosen for in-depth study. ASTAR-811C is promising for high-temperature
applications because of its high melting temperature, high strength, and good
weldability, fabricability, and ductility. Rhenium was included as a refractory
metal candidate for high-temperature space power applications because of
its excellent high-temperature strength, low-temperature ductility, good weld-
ability, and good fabricability. Long-term creep testing of these alloys is cur-
rently underway.

Because of the high cost of rhenium, machining a heater head from a solid ingot
would be extremely expensive since a large amount of material is wasted. It
was, therefore, important to demonstrate near-net-shape (NNS) processing of
a rhenium heater head. The figure shows the result of this development effort.

With NNS feasibility now demonstrated, plans for future work focus on creep
property optimization. Numerous vacuum creep frames have been refurbished,
and we plan to use these extensively in determining the vacuum creep resis-
tance of these alloys.
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Full-Scale GRCop-84 Combustion Chamber Liner Preform

Fabricated Successfully

GRCop-84 (Cu-8 at.% Cr-4 at.% Nb) has been under development at the
NASA Glenn Research Center for several years. The alloy possesses a unique
combination of good thermal conductivity, high elevated temperature strength,
long creep life, and long low-cycle-fatigue. The alloy is also more oxidation
resistant than pure copper and most competitive alloys. The combination of
properties has attracted attention from major rocket engine manufacturers
who are interested in the alloy for the combustion chamber liner in their next
generation of regeneratively cooled engines. Before GRCop-84 can be used
in @ main combustion chamber application, it must be demonstrated that the
alloy can be made successfully to the large sizes and proper shape needed
and that it retain useful properties. Recent efforts have successfully demon-
strated the ability to fabricate a liner preform via metal spinning that retains
the alloy’s strength even in the welded sections.

GRCop-84 is a powder metallurgy alloy. Powder is canned and extruded to
make a solid rectangular billet. Once consolidated into a solid, GRCop-84 can
be processed like most copper-based alloys using conventional techniques. To
make these liners, the billet was warm rolled into 1.27-cm (0.5-in.) plates approxi-
mately 47 cm wide by 127 cm long (18.5 by 50 in.). The plates were cut to size
and formed into half cylinders. The edges of the half cylinders were machined to
provide a tight, uniform joint at the mating surfaces between the two pieces.

Cross section of an FSW showing the complete penetration and excellent joining of
two 1.27-cm (0.5-in.) plates with a butt joint.

The half cylinders were joined at the
NASA Marshall Space Flight Cen-
ter. Friction stir welding (FSW) was
selected to join the alloy because of
pastexperience with aluminum-based
alloys and technical considerations
that indicated that FSW would not
significantly degrade properties in
the weld zone. Efforts at Marshall
demonstrated that GRCop-84 has
a very wide processing window and
could be easily welded using FSW. A
typical weld cross section is shown in
the photograph on this page, and the
table lists the strength of welds done
on several plates.

The GRCop-84 cylinders were metal
spun at Spin Tech in Paso Robles,
California, to a size equivalent to that
of a 40,000-Ib-thrust rocket engine.
The metal spinning was done in two
steps. The first step rough sized
the cylinders, and the second step
produced the final hourglass shape
with the proper envelope dimensions.
The top photograph on the next page
shows the cylinder undergoing final
metal spinning into the hourglass
shape, and the final photograph
compares a cylinder not yet metal
spun and the finished main combus-
tion chamber liner preform. The weld
is clearly visible on the surface of the
cylinder but is difficult to distinguish
in the metal-spun preform.

ROOM-TEMPERATURE TENSILE STRENGTH OF FSW JOINTS

Material 0.2-percent offset | Ultimate tensile | Elongation, | Reduction

yield strength strength percent in area,
MPa Ksi MPa Ksi percent

1.27-cm plate—round samples 203.6 29.5 403.4 58.5 18.0 20.3

(average of three welds, six tests)

1.27-cm plate—full-thickness samples 203.7 29.5 404.6 58.6 17.8 Not

(average of two welds, eight tests) applicable

As-extruded GRCop-84 bar 225.6 32.7 4031 58.4 214 45.1

FSW properties as percent of baseline properties 90.3 100.2 83.6 45.0

RESEARCH AND TECHNOLOGY - 2004
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Inspection using visual and non-
destructive evaluation methods did
not reveal any failures or defects
developingin the welds. One preform
was destructively tensile tested to
determine the strength of the weld
joints. The results in the following
table show that the welds were as
strong as the annealed plate used as
starting stock and actually stronger
than the starting stock at 538 °C.

Although additional testing including
an eventual hot fire testing of a liner
is needed, results so far show that
GRCop-84 liners can be produced
easily with conventional fabrication
methods and that the alloy retains
all of its properties even in the weld
joint of a metal-spun preform. This
makes GRCop-84 an extremely
attractive material for regeneratively
cooled rocket engine main combus-
tion chamber liners and other high-
temperature, high-heat-flux heat
exchanger applications.
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A comparison of a welded cylinder and a liner preform after completion
of metal spinning. The cylinder is 18 in. tall.

Special recognition:

TENSILE STRENGTH OF METAL-SPUN GRCOP-84 LINER PREFORMS  Turning Goals Into Reality Award 2003
IN THE WELD REGION

Material 0.2-percent offset Ultimate tensile

yield strength strength
MPa ksi MPa ksi
FSW and metal spun; room temperature 246.3 35.7 419.5 60.8
FSW and metal spun; 538 °C (1000 °F) 157.3 22.8 176.6 25.6
As-extruded GRCop-84 bar; room temperature 225.6 32.7 4031 58.4
As-extruded GRCop-84 bar; 538 °C (1000 °F) 107.8 15.6 138.9 201
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Quick Access Rocket Exhaust Rig Testing of Coated
GRCop-84 Sheets Used to Aid Coating Selection for

Reusable Launch Vehicles

The design of the next generation of reusable launch vehicles calls for using
GRCop-84 copper alloy liners based on a composition! invented at the NASA
Glenn Research Center: Cu-8(at.%)Cr-4%Nb. Many of the properties of this
alloy have been shown to be far superior to those of other conventional copper
alloys, such as NARIoy-Z (ref. 1). Despite this considerable advantage, it is
expected that GRCop-84 will suffer from some type of environmental degra-
dation depending on the type of rocket fuel utilized. In a liquid hydrogen (LH,),
liquid oxygen (LO,) booster engine, copper alloys undergo repeated cycles of
oxidation of the copper matrix and subsequent reduction of the copper oxide,
a process termed “blanching” (ref. 2). Blanching results in increased surface
roughness and poor heat-transfer capabilities, local hot spots, decreased engine
performance, and premature failure of the liner material. This environmental
degradation coupled with the effects of thermomechanical stresses, creep,
and high thermal gradients can distort the cooling channel severely, ultimately
leading to its failure (ref. 3).

The application of protective coatings on a GRCop-84 substrate can minimize
or eliminate many of these problems and extend the operational life of the com-
bustion liner (ref. 3). Such coatings may increase component reliability, shorten
depot maintenance turnaround time, and lower operational costs. Therefore,
Glennis actively pursuing the development of advanced overlay coatings tech-
nology for GRCop-84 liners. This research effort encompasses the development
of technology in four major areas: (1) new metallic coating compositions, (2) appli-
cation techniques, (3) test methods, and (4) life-prediction design methodology
using finite element analysis. This report discusses the results of a specific

QARE rig testing of a coated GRCop-84 sheet.

1Cu, copper; Cr, chromium; Nb, niobium.
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test method involving the exposures
of coated GRCop-84 sheetstoaH,/O,
combustion flame in Glenn’s Quick
Access Rocket Exhaust (QARE) rig.

Both faces of several 1-mm-thick
GRCop-84 sheets, having a cross-
sectional area of about 305 by
305 mm?2, were vacuum plasma
sprayed with the desired coating. The
coatings selected for these evalua-
tion studies were Cu-26Cr, NiAl, and
NiCrAlY. The sheets were observed
to have distorted during the spray-
ing process. Test specimens were
machined from these coated sheets,
where each specimen was about
305 mm long and 25.4 mm wide.
Both coated and uncoated specimens
were subjected to an intense H,/O,
combustion flame using a mixture
ratio of about 6, where the speci-
mens either were cycled between
roomtemperature and approximately
700 °C for 20 cycles or were sub-
jected to a constant flame exposure
for a cumulative time of about 10 min
(see the photograph to the left). The
specimens were held in a specially
designed fixture and subjected to
backside air and conductive cooling.
Priorto the exposure tests, a superal-
loy sheet specimenwas instrumented
with five thermocouples to calibrate
the rig. In a typical cycle, the speci-
men reached a temperature of about
700 °C within 20 sec, whereas the
cool down to room temperature
occurred in 300 sec.

A visual examination of the exposed
specimens revealed that uncoated
GRCop-84 specimens undergo
severe environmental degradation
that results in oxide spall and surface
roughness (see the photograph to
the left). In actual applications, this
surface condition is unacceptable
because of the reduced heat transfer
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Left: Comparison of NiCrAlY-coated and uncoated GRCop-84 before and after exposure to a H,/O, combustion flame.

Right: Unexposed NiCrAlY-coated GRCop-84 sheet.

capability of the liner, associated hot spots, and the potential risk for the liner
material to fail. Similarly, specimens coated with Cu-26Cr did not perform well
in these tests. These coatings formed blisters, indicating localized failure due
to debonding with the substrate. In contrast, specimens coated with NiAl and
NiCrAlY performed very well, with no visual distinction between the exposed
and unexposed regions of the specimens. For example, the photograph on the
left shows the exposed NiCrAlY-coated specimen, whereas the photograph
on the right shows the unexposed NiCrAlY-coated specimen.
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Thermodynamics of Volatile Species in the Silicon-Oxygen-
Hydrogen System Studied

condensed downstream. From the
amount of condensate, accurate
vapor pressures could be determined.
The vapor pressure as a function of
pressure indicated that the following
two reactions are likely:

The volatilization of silica (SiO,) to silicon hydroxides and oxyhydroxides because
of reaction with water vapor is important in a variety of high-temperature corro-
sion processes. For example, the lifetimes of silicon carbide (SiC) and silicon
nitride (SizN,) -based components in combustion environments are limited by
silica volatility. To understand and model this process, it is essential to have
accurate thermodynamic data for the formation of volatile silicon hydroxides
and oxyhydroxides.

This reaction was studied at the NASA Glenn Research Center with a tran- SiOx(s) + 2 HyO(g) = Si(OH)4(9)
spiration apparatus, illustrated in the figure on the next page. A silica sam-
ple was reacted with gas streams containing controlled amounts of water

vapor, and the resultant silicon-oxygen-hydrogen (Si-O-H) vapor species Si0y(s) + Hy0(g) = SIO(OH),(9)
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We found that the first reaction was significant over the whole
temperature range studied (1073 to 1728 K), whereas the sec-
ond reaction became important at the highest temperatures
(1673 to 1728 K).

Temperature-dependent vapor pressure measurements lead

[[§y—> Argon/water out to
water collection vessel

_dprd—> Blanket argon out to
11 mass spectrometer

0| H

to thermodynamic data. Second law measurements lead to a
heat of formation A;H°(1200) = -1354+2.7 kJ/mol and entropy
S°(1200) = 544.4+2.1 kd/mol-K. Third law measurements lead
to A;H°(298) = —1344.3+1.2 kd/mol. These are in very good
agreement with previous measurements and previous ab initio
calculations. A third law analysis of the high-temperature data
led to a A;H°(298) for SIO(OH),(g) of 8315 kJ/mol. This value
is also consistent with previous experiments.
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Very Tough, Erosion-Resistant Turbine Airfoil Thermal

Barrier Coatings Developed

Ceramic thermal barrier coatings (TBCs) are receiving increased attention for
advanced gas turbine engine applications. These coatings are considered to
be technologically important because of their ability to further increase engine
operating temperatures and reduce cooling requirements, thus achieving
higher engine efficiency, lower emissions, and increased performance goals.
To take full advantage of the capabilities of these coatings, researchers need
to use an aggressive design approach whenever possible—one that allows
greater temperature reductions through the coating systems and less cooling
air to the components.

Advanced TBCs that have significantly lower thermal conductivity and bet-
ter thermal stability than current coatings have been developed for future
ultra-efficient, low-emission engine systems (refs. 1 and 2). Multicomponent-
doped, defect-clustered TBCs have been shown to offer the low conductivity
and high stability required for future high-temperature engine applications
(refs. 1 and 2).
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For TBCs designed for turbine airfoil
applications, good erosion andimpact
resistance, in addition to low thermal
conductivity and high stability, are
crucial in order to effectively protect
the components under high heat flux,
high velocity flow, and particulate
erosion and impact conditions. In this
study at the NASA Glenn Research
Center, advanced low-conductivity
coatings, possessing the partially
stabilized nontransformable tetra-
gonal t' structure, were designed and
optimized for high erosion and impact
performance. The NASA Ultra-
Efficient Engine Technology (UEET)
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Erosion and impact testing results of a multicomponent, partially
stabilized, nontransformable tetragonal t' coating ZrO,~(Y,Gd,Yb),04
coating system, showing improved performance in comparison to

the baseline ZrO,-7wt%Y ,04 and cubic-phased low-conductivity
coatings.

Project low-conductivity coating systems were processed by electron-beam
physical-vapor-deposit techniques at GE Aircraft Engines (Cincinnati, OH) and
Howmet Coatings Corporation (Whitehall, Ml) using prefabricated evaporation
ingots that were made of the carefully designed compositions.

Considerable thermal conductivity reductions were observed in comparison
tothe state-of-the-artbaseline ZrO,-7wt%Y ,0 coatings after high-temperature
sintering for the multicomponent, partially stabilized nontransformable tetrag-
onal t' coating systems (ref. 3). The 2200 °F burner rig erosion and impact test-
ing results indicated that the composition optimizations significantly improved
the toughness and erosion/impact resistance of the low-conductivity coating
systems.
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Low-Thermal-Conductivity Pyrochlore Oxide Materials
Developed for Advanced Thermal Barrier Coatings

When turbine engines operate at higher tem-
peratures, they consume less fuel, have higher
efficiencies, and have lower emissions. The
upper-use temperatures of the base materi-
als (superalloys, silicon-based ceramics, etc.)
used for the hot-section components of turbine
engines are limited by the physical, mechanical,
and corrosion characteristics of these materials.
Thermal barrier coatings (TBCs) are applied as
thin layers on the surfaces of these materials
to further increase the operating temperatures.
The current state-of-the-art TBC material in com-
mercial use is partially yttria-stabilized zirconia
(YSZ), which is applied on engine components
by plasma spraying or by electron-beam physical
vapor deposition. At temperatures higher than
1000 °C, YSZlayers are prone to sintering, which
increases thermal conductivity and makes them
less effective. The sintered and densified coat-
ings can also reduce thermal stress and strain
tolerance, which can reduce the coating’s dura-
bility significantly. Alternate TBC materials with
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lower thermal conductivity and better sintering
resistance are needed to further increase the
operating temperature of turbine engines.

Under NASA's Ultra Efficient Engine Technology (UEET) Project, advanced
TBCs are being developed to provide vital thermal protection for turbine
engine hot-section components, such as combustor liners, turbine blades,
and turbine vanes at gas temperatures exceeding 1650 °C (3000 °F) in harsh
combustion environments. The new TBCs must have significantly increased
phase stability, lower lattice and radiation thermal conductivity, and improved
sintering and thermal stress resistance under the engine high-heat-flux and
severe thermal cycling conditions. Pyrochlore oxides of general composition,
A,B,0, where Ais a 3+ cation (lanthanum to lutetium) and B is a 4+ cation
(zirconium, hafnium, titanium, etc.), are one such class of ceramic materials.
These oxides have a high melting point, a relatively high coefficient of thermal
expansion, and low thermal conductivity, which make them suitable for appli-
cations as high-temperature thermal barrier coatings. The primary objective
of this study at the NASA Glenn Research Center was to devise approaches
to further lower the thermal conductivity of pyrochlore oxide compounds. An
oxide-doping approach was used where part of cation A was substituted by
other cations (e.g., A;_,M,B,0,, where x =0 - 0.5 and M = rare earth or other
cations) in the pyrochlore materials.

Powders of various compositions were synthesized by the sol-gel method

and hot pressed into dense 1-in.-diameter disks. The thermal conductivity of
these disks was measured at temperatures up to 1550 °C using a steady-state
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laser-heat-flux technique. As an
example, results for La,_ M, Zr,0,
systems (where M = gadolinium (Gd),
ytterbium (Yb), or Gd + Yb) are shown
in the graph. The rare-earth-oxide-
doped pyrochlores (La,Gd),Zr,0,
(La,Yb),Zr,04,and(La,Gd,Yb),Zr,0,
have lower thermal conductivity than
the undoped La,Zr,0. The thermal
conductivity of material codoped with
Gd +Ybis~30 percentlowerthan that
of the undoped oxide. These results
clearly demonstrate that the thermal
conductivity of pyrochlore oxides can
be reduced greatly by doping, espe-
cially through codoping with other
cations.

Thus, doping or codoping with one or
more cations at the A sites in A,B,0-,
pyrochlores, suchasLa,Zr,0O, results
in lower thermal conductivity. These
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ceramic materials have great potential as TBCs at much higher temperatures
than with the state-of-the-art YSZ zirconia. These new TBCs would greatly
reduce the temperature across the coating, which would translate to turbine
engines with higher operating temperatures, lower fuel consumption, higher
efficiency, and lower emissions.
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Strong, Tough Glass Composites Developed for Solid Oxide

Fuel Cell Seals

Afuel cellis an electrochemical device that continuously converts the chemical
energy of a fuel directly into electrical energy. It consists of an electrolyte, an
anode, and a cathode. Various types of fuel cells are available, such as direct
methanol fuel cells, alkaline fuel cells, proton-exchange-membrane fuel cells,
phosphoric acid fuel cells, molten carbonate fuel cells, and solid oxide fuel
cells (SOFCs). The salient features of an SOFC are all solid construction and
high-temperature electrochemical-reaction-based operation, resultingin clean,
efficient power generation from a variety of fuels. SOFCs are being developed
for a broad range of applications, such as portable electronic devices, auto-
mobiles, power generation, and aeronautics.

SOFCs of two different designs, tubular and planar, are currently under devel-
opment. Planar SOFCs offer several advantages, such as simple manufactur-
ing and a relatively short current path, resulting in higher power density and
efficiency than for the tubular design. However, planar SOFCs require hermetic
seals to separate and contain the fuel and oxidant within the cell and to bond
cell components together. The requirements for SOFC sealing materials are
severe since the cells will operate at 600 to 1000 °C for thousands of hours,
with sealing materials exposed to both oxidizing and reducing conditions. The
seals must be chemically and mechanically compatible with different oxide
and metallic cell components and should be electrically insulating. Also, they
must survive cycling between room and operational temperatures.

Various glass and glass-ceramics based on borate, phosphates, and silicates
are being examined for SOFC seals. Silicate glasses are expected to perform
better than borate and phosphate glasses. A barium calcium aluminosilicate
(BCAS) glass of composition (mol%) 35Ba0-15Ca0-5Al,0,-10B,05-35Si0,
has been developed by the Department of Energy’s Pacific Northwest National
Laboratory (PNNL) for use as sealing material for planar SOFCs.

During thermal cycling of SOFC, the
glass seal is prone to cracking. To
alleviate this problem, PNNL asked
forthe help ofresearchers atthe NASA
Glenn Research Center in improving
the strength and fracture toughness
of this glass. To achieve this goal,
we reinforced the glass with alumina
platelets or 3 mol% yttria-stabilized
zirconia (3YSZ) particulates. Panels
of glass containing 0 to 30 mol% of
the ceramic reinforcements were
hot pressed and machined into test
bars. Mechanical and physical prop-
erties, including four-point flexure
strength, fracture toughness, elastic
modulus, and density of the glass com-
posites, were determined at room
temperature.

Flexure strength (see the graph on
the left, next page) increased with an
increase in alumina or 3YSZ content.
For the same ceramic content, com-
posites containing alumina platelets
showed much higher strength than
those with 3YSZ. Fracture tough-
ness (see the graph on the right, next
page), measured by the single-edge
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Left: Flexure strength of BCAS glass composites containing various mole percent of alumina platelets or 3YSZ particulates.
Right: Fracture toughness of BCAS glass composites containing various mole percent of alumina platelets or 3YSZ particulates.

v-notched beam method, showed similar large improvements. The increase in
fracture toughness was much more significant for composites reinforced with
alumina platelets than for those containing 3YSZ. Fracture toughness of the
glass improved by 350 and 120 percent for composites containing 30 mol%
of alumina and 3YSZ, respectively. Elastic modulus also increased with an
increasing amount of reinforcement. The increase in elastic modulus was
more predominant for composites reinforced with alumina than with 3YSZ. The
addition of alumina did not have much effect on the glass density, whereas the
composite density increased linearly with increasing 3YSZ content.

Thus, it has been demonstrated that reinforcing with alumina platelets can
improve the strength of barium calcium aluminosilicate glass by as much as
250 percent and fracture toughness by as much as 350 percent. Leak tests
for these glass composite seals are planned to be carried out at PNNL and
should result in much improved seals for SOFCs.

This research was done under a Space Act Agreement between the NASA
Glenn Research Center and the Department of Energy’s Pacific Northwest
National Laboratory.
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Process Developed for Generating Ceramic Interconnects
With Low Sintering Temperatures for Solid Oxide Fuel Cells

Solid oxide fuel cells (SOFCs) have been considered as premium future
power-generation devices because they have demonstrated high energy-
conversion efficiency, high power density, and extremely low pollution, and
have the flexibility of using hydrocarbon fuel. The Solid-State Energy Conver-
sion Alliance (SECA) initiative, supported by the U.S. Department of Energy
and private industries, is leading the development and commercialization of
SOFCs for low-cost stationary and automotive markets. The targeted power
density for the initiative is rather low, so that the SECA SOFC can be operated at
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arelatively low temperature (~700 °C)
and inexpensive metallic intercon-
nects can be utilized in the SOFC
stack.

As only NASA can, the agency is

investigating SOFCs for aerospace
applications. Considerable high power
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density is required for the applications. As a result, the NASA SOFC will be
operated at a high temperature (~900 °C) and ceramic interconnects will be
employed. Lanthanum chromite-based materials have emerged as a leading
candidate for the ceramic interconnects. The interconnects are expected to
co-sinter with zirconia electrolyte to mitigate the interface electric resistance
and to simplify the processing procedure. Lanthanum chromites made by the
traditional method are sintered at 1500 °C or above. They react with zirconia
electrolytes (which typically sinter between 1300 and 1400 °C) at the sintering
temperature of lanthanum chromites. It has been envisioned that lanthanum
chromites with lower sintering temperatures can be co-fired with zirconia
electrolyte. Nonstoichiometric lanthanum chromites can be sintered at lower
temperatures, but they are unstable and react with zirconia electrolyte during
co-sintering.

NASAGIenn Research Center’s Ceramics Branch investigated a glycine nitrate
process to generate fine powder of the lanthanum-chromite-based materials.
By simultaneously doping calcium on the lanthanum site, and cobalt and alu-
minum on the chromium site, we could sinter the materials below 1400 °C. The
doping concentrations were adjusted so that the thermal expansion coefficient
matched that of the zirconia electrolyte. Also, the investigation was focused on
stoichiometric compositions so that the materials would have better stability.

Co-sintering and chemical compatibility with zirconia electrolyte were exam-
ined by x-ray diffraction, scanning electron microscopy, and energy dispersive
spectroscopy (line scanning and dotmap). The results showed that the materials
bond well, but do not react, with zirconia electrolyte. The electric conductivity
of the materials measured at 900 °C in air was about 20 S/cm.
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Sintering results: fractured surface of
the ceramic interconnect after sintering
at 1400 °C for 2 hr.
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Process Developed for Fabricating Engineered Pore
Structures for High-Fuel-Utilization Solid Oxide Fuel Cells

Solid oxide fuel cells (SOFCs) have tremendous commercial potential because
of their high efficiency, high energy density, and flexible fuel capability (abil-
ity to use fossil fuels). The drive for high-power-utilizing, ultrathin electrolytes
(<10 um), has placed an increased demand on the anode to provide structural
support, yet allow sufficient fuel entry for sustained power generation. Con-
centration polarization, a condition where the fuel demand exceeds the supply,
is evident in all commercial-based anode-supported cells, and it presents a
significant roadblock to SOFC commercialization.

Recently, anoveltape casting process
(see the top figure on the next page)
was developed at the NASA Glenn
Research Center that allows for the
fabrication, in a single processing
step, of graded columnar pore struc-
tures in a wide variety of materials,
including all common SOFC anodes,
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cathodes, and cermets. This new process, called freeze-tape casting, is based
on existing tape casting platforms and can yield continuous large-area mem-
branes. The process uses environmentally friendly water-based slurries to
directionally solidify the solvent, thus creating a unique pore structure. The
freezing pattern of the ice is realized microstructurally in the form of graded
porosity and columnar porosity, depending on the processing parameters. As
seen in the micrographs, an order of magnitude difference in pore diameters
can be created that span the entire thickness of the samples. Freeze-tape
casting further allows for the tailoring of pore structures by controlling slurry
solids loading and/or the freezing rate, allowing for easy modification of the
final porosity and morphology. The effects of solids loading are shown in the
final graph.

Although this technology has potential for a growing number of applications—
including catalyst supports, osmotic membranes, and particulate/liquid filtration—
it was developed for enhanced SOFCs. As can be seen in the micrographs of
the anode-electrolyte coupling, SOFCs based on this casting technology have
the potential for increased fuel utilization (improved gas delivery), increased

RESEARCH AND TECHNOLOGY - 2004 k.

Influence of slurry solids loading on the as-processed
(green) density and the heat-treated (sintered) density.

power density, and decreased weight.
Extensive efforts in establishing
processing-properties relationships
in conjunction with cell fabrication
will culminate in electrochemical and
mechanical properties testing.
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Cooled Ceramic Matrix Composite Propulsion Structures

Demonstrated

NASA’s Next Generation Launch Technology (NGLT) Program has success-
fully demonstrated cooled ceramic matrix composite (CMC) technology in a
scramjetengine test. This demonstration represented the world’s largest cooled
nonmetallic matrix composite panel fabricated for a scramjet engine and the
first cooled nonmetallic composite to be tested in a scramjet facility.

Lightweight, high-temperature, actively cooled structures have been identified
as a key technology for enabling reliable and low-cost space access. Tradeoff
studies have shown this to be the case for a variety of launch platforms, includ-
ing rockets and hypersonic cruise vehicles. Actively cooled carbon and CMC
structures may meet high-performance goals at significantly lower weight,
while improving safety by operating with a higher margin between the design
temperature and material upper-use temperature. Studies have shown that
using actively cooled CMCs can reduce the weight of the cooled flow-path
component from 4.5 to 1.6 Ib/ft? and the weight of the propulsion system’s
cooled surface area by more than 50 percent. This weight savings enables

6- by 30-in. panel

Up to mach 7 capability

advanced concepts, increased pay-
load, andincreased range. The ability
of the cooled CMC flow-path compo-
nents to operate over 1000 °F hot-
ter than the state-of-the-art metallic
concept adds system design flexibil-
ity to space-access vehicle concepts.
Other potential system-level benefits
include smaller fuel pumps, lower
part count, lower cost, and increased
operating margin.

An innovative, cooled CMC design
concept was developed in which a
CMC hot surface panel was mechan-
ically joined to a metallic coolant
containment system by means of high-
temperature CMC fasteners. This
concept has the advantages of both
low-cost manufacture and repairabil-
ity, and its aggressive development
schedule was met by an integrated
design and fabrication approach.
Initial test results of conceptual
designs for cooled 1- by 6-in. coupons

Left: United Technologies scramjet engine displaying section of combustor replaced by cooled CMC panel. Right: As-fabricated
CMC panel assembly.
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Fully instrumented CMC panel before testing in scramjet rig at United
Technologies.

evaluated in a quartz lamp rig at United Technologies Research Center were
used to validate the basic CMC heat exchanger concept by verifying cooling
effectiveness. In the second testing phase, at the NASA Glenn Research
Center, rocket engine tests on 2.5- by 10-in. panels were used to optimize
the heat exchanger design by identifying critical issues and refining various
design variables before scaling up to the scramjet-engine-scale component.
The rocket engine tests evaluated the cooling effectiveness and structural
integrity of various design concepts, resulting in planned material downselects
and design concept refinement.

After successful tests with 2.5- by 10-in. panels, the fabrication process was
scaled up to produce 6- by 30-in. panels, the largest cooled CMC panels ever
fabricated. These panels were successfully tested in a United Technologies
scramjet engine, demonstrating the performance benefits of cooled CMCsin a
scramjet engine for the first time. This lightweight, high-temperature, and high-
heat-flux component and the technology’s adaptability to complex shapes may
enable safe, affordable, and reliable future space transportation systems.

This project is a collaborative effort between multiple NASA centers, the Air
Force Research Laboratory, and industry, from planning through execution.
Actively cooled composites were identified as a key technology for the Venture-
Star aerospike engine, for various hypersonic vehicle propulsion systems,
and for meeting Integrated High Payoff Rocket Propulsion Technology goals.
Specific applications have targeted various technical performance metrics,
and competitive selections have invoked a broad range of industrial partners.

RESEARCH AND TECHNOLOGY - 2004

Throughoutdevelopment, adedicated
core group of researchers from Glenn,
the NASA Langley Research Center,
and the NASA Marshall Space Flight
Centerhas advocated, sustained, and
transferred the technology by hold-
ing workshops and focusing efforts
on specific, measurable, progressive
developmental steps. Contract part-
ners have included Pratt & Whitney,
Boeing-Rocketdyne, Rockwell Science
Center, Snecma (France), GE Power
Systems Composites, Goodrich Cor-
poration, Refractory Composites,
Inc.,and HITCO Carbon Composites,
Inc. The concept demonstration by
Pratt & Whitney in the Air Force’s
HySet engine at United Technologies
represents a milestone critical to
utilizing this technology for low-cost
space access.
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Permeability of Candidate Stirling Heater Head

Materials Measured

Researchersatthe NASAGlenn Research Centerare evaluating high-temperature
materials for Stirling heater heads for second- and third-generation Stirling
radioisotope power systems that would help to increase the system efficiency
to 30 to 35 percent and the system specific power to 8 to 10+ W/kg. Ceramic
materials could make it possible for the convertor hot-end temperature to be
increased to 1050 to 1200 °C, in comparison to the current 650 °C with an
Inconel 718 heater head. A hermetically sealed Stirling heater head must
retain a constant internal pressure of nearly 400-psi helium (He) throughout
its useful life (120,000 hr) at the design operating temperature. Therefore, He
permeability was measured for eight potential materials and compared with
the permeability of the current heater head material, Inconel 718.

The eight materials included silicon nitride (Si3N,), silicon dioxide (SiO,), both
sintered and chemical vapor deposited (CVD) silicon carbide (SiC), alumina
(Al,O4), two types of melt-infiltrated (M) SiC/SiC composites, and a carbon/SiC
composite (C/SiC). Glenn submitted samples of each material to Porous Materi-
als, Inc., Ithaca, New York, for permeability analysis. At room temperature and
30-psiHe, four materials—Si;N,4,Al,O5, SiO,, and sintered SiC—demonstrated
lower permeability than Inconel 718. The CVD SiC and all the composite mate-
rials were significantly more permeable to He than the baseline material.

These initial results show that ceramic materials are feasible replacements
for the baseline Inconel 718. Glenn purchased from Porous Materials, Inc., a
newly designed diffusion permeameter that is able to measure permeability at
temperatures up to 1000 °C, and pressures up to 400 psi He. This will enable
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Permeability coefficient, Ky,,, in log darcy versus time in minutes. Smaller
negative numbers indicate greater permeability. For example, silicon nitride
and silica are less permeable to He than Inconel 718 is.

Material Darcian
permeability,?

K,P m?
SigN, 7.15x10722
Al,04 7.09x10722
Sio, 1.70x10721
Sintered SiC 2.48x10~21
Inconel 718 6.51x1021
MI SiC/SiC #2 1.27x10720
CVD SiC 2.97x10~20
MI SiC/SiC #1 1.06x10720
C/SiC 8.84x10716

aAll materials were tested at room
temperature and 30-psi He in the Porous
Materials, Inc., diffusion permeameter,
with two exceptions. The CVI SiC was
tested at 20-psi He (leakage occurred at
higher pressure), and the CVI C/SiC was
measured in the gas permeameter with air
as the fluid because of the much higher
flow rate through the material.

bPermeability was reported by Porous
Materials, Inc., in darcy. (One darcy

= 10-8 m2.) Permeability coefficients

Kjye Were calculated from reported values
by the relationship K .= (P/P,)(DIA)S,
where P is the pressure in the down tube,
P, is the pressure in the up tube, D is the
specimen thickness, A is the specimen
area, and S is the effective pumping rate.

additional in-house permeability test-
ing at temperatures and pressures
relevant to the Stirling heater head.
These measurements are necessary
to select the best ceramic material for
use at the higher temperatures.
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SiC/SiC Ceramic Matrix Composites Developed for
High-Temperature Space Transportation Applications

Researchers at the NASA Glenn Research Center have been developing
durable, high-temperature ceramic matrix composites (CMCs) with silicon
carbide (SiC) matrices and SiC or carbon fibers for use in advanced reusable
launch vehicle propulsion and airframe applications in the Next Generation
Launch Technology (NGLT) Program (ref. 1). These CMCs weigh less and
are more durable than competing metallic alloys, and they are tougher than
silicon-based monolithic ceramics (refs. 1 to 3). Because of their high specific
strength and durability at high temperatures, CMCs such as C/SiC (carbon-
fiber-reinforced silicon carbide) and SiC/SiC (silicon-carbide-fiber-reinforced
silicon carbide) may increase vehicle performance and safety significantly and

reduce the cost of transporting payloads to orbit.

The composite components of primary interest in the NGLT
Propulsion Research and Technology Project were cooled
CMC heat exchanger panels (ref. 4) and inserted uncooled
CMC turbine blades. Our materials development task initially
focused on C/SiC, which has typically been the primary CMC
system of interest for reusable launch vehicle airframe and
propulsion component applications. However, these compo-
nents were expected to perform for at least 100 hot hours of
operation at peak temperatures in the range of 1427 to 1650 °C
(2600 to 3000 °F) in air or combustion gases under mechanical
and thermal stresses. Because required material properties
and characteristics included low permeability, oxidation and
creep resistance, and the ability to withstand extreme thermal
transients, we initiated the development of a high-temperature
SiC/SiC CMC to take advantage of (1) the uncracked matrix
of SiC/SiC (as-processed C/SiC has cracks in the matrix and
fiber tows), (2) the superior oxidation resistance of SiC fibers,
and (3) the use of a boron nitride (BN) interphase, which is
more oxidatively stable than the C interphase used in C/SiC.

SiC/SiC composites developed in the past for
aeronautics applications were clearly unsuitable
for long-term application at 1450 °C because
SiC fibers with inadequate creep resistance were
used and/or melt-infiltrated (MI) SiC matrices
(ref. 5) were used that had significant amounts
of free silicon, which limits the maximum use
temperature. In this study, full chemical vapor
infiltrated (CVI) SiC/SiC CMCs containing
state-of-the-art SiC fibers (Sylramic-iBN) and
interphases (silicon-doped BN) were devel-
oped (see the photomicrograph). These CVI
SiC/SiC CMCs have survived over 500 hr of
creep-rupture testing at 1450 °C in air under an
applied stress of 69 MPa (ref. 1). In compari-
son, Ml SiC/SiC developed in the NASA Ultra-
Efficient Engine Technology Project (“1/01
Material”) experienced excessive specimen

0.3

0.2

0.1

Tensile creep strain, percent

deformation and failed after approxi-
mately 50 hr under the same condi-
tions. The improved durability of the
CVI SiC/SiC is attributed to its more
refractory matrix (unlike in MI SiC/SiC
CMCs, the matrix does not incor-
porate free silicon, which becomes
molten at temperatures >1410 °C). A
postprocessing heattreatment (ref. 3)
of the CVI SiC/SiC further improved
the creep resistance and thermal

10.0 ym

Microstructure of a Sylramic-iBN SiC-fiber-reinforced
CVI SiC CMC, showing the center of a fiber tow in
the center of the specimen.

As-fabricated

Run discontinued

Postprocessed
| | | |

0.0
0

50 100 150 200
Tide 00O

Creep-rupture of as-fabricated (creep rate, 1.7x10~9 sec") and post-
processed (creep rate, 2.5x10~10 sec~") CVI SiC/SiC CMCs in air at
1450 °C (2642 °F), under 69-MPa (10-ksi) loading.
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conductivity of the material (see the graph on the preceding page). Eliminating
the porosity that is inherent in CMCs densified via CVI through additional pro-
cessing to densify the matrix could improve durability, and alternate processing
routes are currently being evaluated at Glenn through Independent Research &
Development funding.

NGLT SiC/SiC development ended in September 2004 because the program
was cancelled. However, this material development effort indicated that CVI
SiC/SiC is a viable candidate for high-temperature applications, including
inserted CMC turbine blades, cooled CMC panels, and reusable space vehicle
airframe applications. Recently initiated development at Glenn of Ml and CVI
SiC/SiC CMCs with higher proportional limits (through Independent Research
& Development funding) is further improving material durability and providing
materials that can be used in the new space exploration initiatives.
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High-Temperature Piezoelectric Ceramic Developed

Active combustion control of spatial and temporal variations in the local fuel-
to-air ratio is of considerable interest for suppressing combustion instabilities
in lean gas turbine combustors and, thereby, achieving lower NO, levels. The
actuator for fuel modulation in gas turbine combustors must meet several
requirements: (1) bandwidth capability of 1000 Hz, (2) operating temperature
compatible with the fuel temperature, which is in the vicinity of 400 °F, (3) stroke
of ~4 mils (100 ym), and (4) force of 300 Ib-force. Piezoelectric actuators offer
the fastest response time (microsecond time constants) and can generate
forces in excess of 2000 Ib-force. The state-of-the-art piezoceramic material in
industry today is Pb(Zr,Ti)Os, called PZT. This class of piezoelectric ceramic is
currently used in diesel fuel injectors and in the development of high-response
fuel-modulation valves. PZT materials are generally limited to operating tempera-
tures of 250 °F, which is 150 °F lower than the desired operating temperature
for gas turbine combustor fuel-modulation injection valves. Thus, there is a

clear need to increase the operating
temperature range of piezoceramic
devices for active combustion control
in gas turbine engines.

Over the past year, substantial prog-
ress was made at the NASA Glenn
Research Center in demonstrating
the feasibility of high-temperature
piezoelectric materials. A novel
laser-melt process was developed
for growing single-crystal fibers and
rods of lanthanum-titanate (see the
top left photograph on the next page),
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As-grown La,TipO7 (@ = 5 mm)

e ——————TT
La,Ti,O7 monofilament (@ = 900 um)

Different diameter high-temperature
piezoelectric La,Ti,O, single crys-
tals are grown. La,Ti,O crystals in
monofilament form are used for high-
temperature composite fabrication.
Larger diameter single crystals are 100 um
used to produce textured bulk piezo- . . . .
electric specimens. @ = diameter. Textured high-temperature piezoelectric La,Ti,O, successfully grown.
Crystal habit is ~12° off [110] as determined by x-ray (not shown).
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High-temperature piezoelectric La,Ti,O. Left: Time-dependent response of the drive voltage, displacement, and
polarity. Right: Corresponding elongation and contraction of the 1-mm-thick ceramic element (+4 kV, 10 sec).

and lanthanum titanate (La,Ti,O,) was demonstrated to produce electrically  displacement but is much more ame-
actuated displacements one-quarter that of commercial lead-based piezoac- nable to commercial production.) This
tuators. However, with a high-curie-temperature material (2600 °F), lanthanum processing technique produces fully
titanate has the potential for displacement at temperatures where commercial dense textured ceramics (see the
PZT fails. In addition, we are developing a lower-cost method for texturing photomicrograph at the top right),
the polycrystalline material. (This yields about 80 percent of the single-crystal eliminates grain boundary phases,
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and produces oriented low-energy interfaces. The textured piezoelectric
ceramic structures ensure a high level of strain capability and a high degree
of electromechanical coupling. Texture achieves much of the property benefits
of single crystals, including greater success in polarization (domain alignment
through application of high voltage, which enhances performance). This is of
paramount importance with additional high-temperature piezoelectric ceram-
ics systems of interest, such as bismuth perovskite and other systems of low
crystal symmetry. Low crystal symmetry greatly increases the difficulty of
polarization. The results shown in the graphs on the preceding page are for
an initial chemical formulation; refinements in composition and processing
are expected to increase both the displacement and temperature capability.
This work is an enabling technology for adaptive flow and combustion control
concepts for intelligent propulsion systems.
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Structures Self-Assembled Through Directional Solidification

Nanotechnology has created a demand for new fabrication
methods with an emphasis on simple, low-cost techniques.
Directional solidification of eutectics (DSE) is an unconven-
tional approach in comparison to low-temperature biomimetic
approaches. A technical challenge for DSE is producing
microstructural architectures on the nanometer scale. In both
processes, the driving force is the minimization of Gibb’s free
energy. Self-assembly by biomimetic approaches depends on
weak interaction forces between organic molecules to define
the architectural structure. The architectural structure for
solidification depends on strong chemical bonding between
atoms. Constituents partition into atomic-level arrangements
at the liquid-solid interface to form polyphase structures, and
this atomic-level arrangement at the liquid-solid interface is
controlled by atomic diffusion and total undercooling due to
composition (diffusion), kinetics, and curvature of the bound-
ary phases. Judicious selection of the materials system and
control of the total undercooling are the keys to producing
structures on the nanometer scale.

The silicon-titanium silicide (Si-TiSi,) eutectic forms a
rod structure under isothermal cooling conditions. At the
NASA Glenn Research Center, directional solidification
was employed along with a thermal gradient to promote uniform rods oriented
with the thermal gradient. This photomicrograph shows the typical transverse
microstructure of a solidified Si-TiSi, eutectic composition. The dark and light
gray regions are Si and TiSi,, respectively. Preferred rod orientation along the
thermal gradient was poor. The ordered TiSi, rods have a narrow distribution
in diameter of 2 to 3 ym, as shown in the graph on the next page. The rod
diameter showed a weak dependence on process conditions.

Anisotropic etch behavior between different phases provides the opportunity
to fabricate structures with high aspect ratios. The photomicrographs on the

TiS, rods in a Si matrix.

next page show the resulting micro-
structure afterawetchemical etchand
a dry plasma etch. The wet chemi-
cal etches the silicon away, expo-
sing the TiSi,rods, whereas plasma
etching preferentially etches the Si-
TiSi, interface to form a crater. The
porous architectures are applicable
to fabricating microdevices or creat-
ing templates for part fabrication. The
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porous rod structure can serve as a
platform for fabricating microplasma
devices for propulsion or microheat
exchangers and for fabricating micro-
filters for miniatured chemical reac-
tors. Although more work is required,
self-assembly from DSE can have a
role in microdevice fabrication.

Currently, aspect ratios are limited in
semiconducting materials because
the anisotropic etch properties are
controlled by crystallography. Addi-
tional benefits of DSE include fabri-
cation simplicity, process control of
microstructure, and stability of the
structure at high temperatures. Like
other bottomup methods, DSE is not
suitable for making complex or inter-
connected patterns.

Glenn contact:
Dr. Frederick W. Dynys, 216—433-2404,
Frederick.W.Dynys@nasa.gov

Case Western Reserve University
contact:

Dr. Ali Sayir, 216-433-6254,
Ali.Sayir@grc.nasa.gov

Authors:
Dr. Frederick W. Dynys and Dr. Ali Sayir

Headquarters program office:
Aeronautics Research

Programs/Projects:
Aerospace and Power Base
Nanotechnology

High-Temperature Proton-Conducting Ceramics Developed

High-temperature protonic conductors (HTPC) are needed for hydrogen
separation, hydrogen sensors, fuel cells, and hydrogen production from fos-
sil fuels. The HTPC materials for hydrogen separation at high temperatures
are foreseen to be metal oxides with the perovskite structure A2*B4* 02‘ and
with the trivalent cation (M3*) substitution at the B4*-site to introduce oxygen
vacancies. The high affinity for hydrogen ions (H*) is advantageous for pro-
tonic transport, but it increases the reactivity toward water (H,0O) and carbon

dioxide (CO,), which can lead to pre-
mature membrane failure. In addition,
there are considerable technological
challenges related to the processing
of HTPC materials. The high melting
point and multi-cation chemistry of
HTPC materials creates difficulties in
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in achieving high-density, single-phase membranes by solid-state
sintering. The presence of secondary phases and grain-boundary
interfaces are detrimental to the protonic conduction and environ-
mental stability of polycrystalline HTPC materials.

This investigation at the NASA Glenn Research Center explored
the prospect of improving the protonic conductance and chemi-
cal stability concurrently by producing high-density structures by
melt processing. Melt processing of ceramics is being developed
to produce engineered microstructures to enhance material prop-
erties. The investigation focused on simple ABO,; and complex
A3(B'4.4B"5_,)Og_s Perovskite structures using chemical composi-
tions of SrCe,_,Y,05_sand Sry(Ca,,,Nb,_ )Oq 5. The advantages
of meltprocessing over solid-state sintering are (1) high-density mate-
rials approaching 100 percent are achievable by pore coalescence
inthe melt; (2) secondary grain boundary phases are eliminated, and
coherent low-energy interfaces are formed; and (3) self-assembly
produced ordered microstructures atthe nanoscale. Melt-processed
materials demonstrate stability in high-temperature environments
containing high concentrations of water vapor (4 to 6 months).

20 ym

Scanning electron microscope photograph of a
cross section of Sry(Cay, Nb,_,)Oq s imaged by
backscattered electrons. Superimposed illustra-
tion shows the core, shell, and cellular boundary.
The backscattered-electron scanning

electron micrograph image shown X 75
here, along with the superimposed ®
schematic drawing, illustrates a com- g 7.0
positional segregation (core-shell) ©
produced by the melt process for S 6.5 1 T T " r )
Srs(Cay,,Nb,_,)Oq_s. The core of the 0 10 20 30 40 50
cellsisricherin calcium and strontium, Distance, ym
whereas the shell of the cells is richer
in oxygen and niobium, as revealed X 61.0
by the wavelength-dispersive x-ray ©
chemical mappings shown in the §60-0
graphs on this page. Determined by <
impedance spectroscopy, the shell O 590 + ; - - ; -
regions act as resistive barriers for 0 10 20 ) 30 40 50
protonic conduction, whereas the core Distance, ym
region exhibits higher protonic con- 13.0
duction for Srs(Cay,,Nb,_,)Oq ;. &
©
Transmission electron microscopy § 125
(TEM) examination of melt-processed :-S
HTPC materials revealed fabricated Zz 120+ ; ' ' ' '
nanoscale architectures that cannot 0 10 20 ] 30 40 50
be achieved by solid-state sintering. Distance, pm
The next two figures show dark- < 215
field images of nanoscale architec- 5’&. :
tures in SrCe( gY, 104 5 (left) and g 210
Sr3(Caj+XNb_2_X)Og_6(n_ght).SelecFed 2 205
area diffraction and high-resolution S
TEM analysis reveal that the domains & 20.0 5 T 50 20 0 s
in SrCe( oY 105_5 consist of a phase Distance, pm

where the oxygen octahedras are Chemical concentration profiles across several cells (vertical lines indicate

tilted. This tilting is believed to reduce cell boundaries) of a Sry(Ca,,,Nb, ,)Oq4 s sample. Oxygen-rich boundaries
the rotation angle for the diffusing are revealed.
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Left: Nanodomain formation in melt-processed SrCe,_,Y,04 ;. Boundaries indicate the oxygen
cage tilting mode; arrows show the domain boundaries. Right: TEM image of Sr4(Cay, ,Nb,_)Oq_s
showing a complex nanodomain structure. Nanodomains exist as ordered and disordered regions.

Ordered domains are separated by antiphase boundaries.
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Grain conductivity and total conductivity of melt-processed SrCe;_, Y, 04 s in com-
parison to literature values. Impedance spectroscopy measurements show a high
intragrain conductance. Poor conduction of the grain boundary reduces the total

conductance.

H™* ion, enhancing the transfer rate from one oxygen octahedron to the next
octahedron. This interpretation has been supported by the superior conduc-
tivity data shown in the final graph. The impedance analysis shows that the
intragrain has superior conductance that can be associated with nanodomain
formation. Engineering the microstructure, down to the nanoscale (as shown
in the dark-field image on the left) is continuing, and our current research is
focused on assembling these nanodomains on amacroscale to enhance the H,
permeability rate. The conductivity data shown in the final graph has a strong
merit for hydrogen-generation technology in the temperature region of 400 to
600 °C. Applications could be in hydrogen production and separation, using

small reformers and electrolyzers, or
in a high-temperature hydrogen sen-
sor for aerospace applications.
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Proton-Exchange-Membrane Fuel Cell Powerplants
Developed and Tested for Exploration Missions

Proton-exchange-membrane fuel cell (PEMFC) technology hasreceived major ~ and inexpensive PEMFC designs. In
attention for terrestrial applications, such as the automotive and residential comparison to the terrestrial operat-
markets, for the past 20 years. This attention has significantly advanced the ing environment, the space operating
maturity of the technology, resulting in ever more compact, efficient, reliable, environment is much more demand-
ing. Microgravity to high-gravity loads
and the need to use pure oxygen
(rather than air) as the fuel cell oxi-
dizer place more stringent demands
on PEMFC technology. NASAand its
partners from industry are leveraging
terrestrial PEMFC advancements by
conducting parallel space technology
development for future exploration
missions.

A team from the NASA Glenn
Research Center, NASA Johnson
Space Center, and NASA Kennedy
Space Centerrecently completed the
first phase of a PEMFC powerplant
development effort for exploration
missions. The industry partners for
this phase of the development effort
were ElectroChem, Inc., and Tele-
dyne Energy Systems, Inc. Under
contractto Glenn, both of these indus-
try partners successfully designed,
fabricated, and tested a breadboard
PEMFC powerplantin the 1- to 5-kW
power range (see the photographs).
These powerplants were based on
existing company-proprietary fuel
cell stack designs, combined with
off-the-shelf components, which
formed the balance of the powerplant
design. Subsequent to the contrac-
tor development efforts, both pow-
erplants were independently tested
at Johnson to verify operational and
performance characteristics, and to
determine suitability for further tech-
nology development in the second
phase of the NASA-led effort. Follow-
ing the independent NASA testing,
Teledyne Energy Systems, Inc., was
selected to develop an engineering

Top: ElectroChem breadboard. Bottom: Teledyne breadboard. model PEMFC powerplant.
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COMPARISON OF BREADBOARD PEMFC
POWERPLANT CHARACTERISTICS

Vendor ElectroChem Teledyne
Nominal power, kW 1.0 5.0
Number of cells 45 82
Cell active area, cm? 232 302
Nominal current density, mA/cm?2 110 270
Peak power capability (peak/nominal) 6:1 >6:1
Reactant recirculation approach Passive (ejectors) | Active (pumps)

This effort was initiated by the 2nd Generation Reusable Launch Vehicle
(RLV) Program Office in 2001; it transitioned to the Next Generation Launch
Technologies (NGLT) Program Office in 2003. The effort is now being funded
by the Exploration Program Office. We plan to summarize the results from the

ongoing engineering model PEMFC
powerplant development in a future
Research & Technology article.

Glenn contacts:

Mark A. Hoberecht, 216-433-5362,
Mark.A.Hoberecht@nasa.gov; and
Nang T. Pham, 216-433-6165,
Nang.T.Pham@nasa.gov

Authors:
Mark A. Hoberecht and Nang T. Pham

Headquarters program office:
Exploration Systems

Programs/Projects:
Exploration Systems, Space Power
Systems R&T

Lithium-lon Batteries Being Evaluated for Low-Earth-Orbit

Applications

The performance characteristics and long-term cycle life of
aerospace lithium-ion (Li-ion) batteries in low-Earth-orbit
applications are being investigated. A statistically designed
test using Li-ion cells from various manufacturers began in
September 2004 to study the effects of temperature, end-of-
charge voltage, and depth-of-discharge operating conditions
on the cycle life and performance of these cells. Performance
degradation with cycling is being evaluated, and performance
characteristics and failure modes are being modeled statis-
tically. As technology improvements are incorporated into
aerospace Li-ion cells, these new designs can be added to
the test to evaluate the effect of the design changes on per-
formance and life.

Cells from Lithion and Saft have achieved over 2000 cycles
under 10 different test condition combinations and are being
evaluated. Cells from Mine Safety Appliances (MSA) and mod-
ules made up of commercial-off-the-shelf 18650 Li-ion cells
connected in series/parallel combinations are scheduled to
be added in the summer of 2005. The test conditions include
temperatures of 10, 20, and 30 °C, end-of-charge voltages of
3.85, 3.95, and 4.05 V, and depth-of-discharges from 20 to
40 percent. The low-Earth-orbit regime consists of a 55-min
charge, at a constant-current rate that is 110 percent of the
current required to fully recharge the cells in 55 min until the
charge voltage limit is reached, and then at a constant volt-
age for the remaining charge time. Cells are discharged for
35 min at the current required for their particular depth-of-
discharge condition.
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Lithium-ion cells from Saft and Lithion installed in a test
chamber.
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Cells are being evaluated in four-cell series strings with charge voltage limits
being applied to individual cells by the use of charge-control units designed and
produced at the NASA Glenn Research Center (ref. 1). These charge-control
units clamp the individual cell voltages as each cell reaches its end-of-charge
voltage limit, and they bypass the excess current from that cell, while allowing
the full current flow to the remaining cells in the pack.

The goal of this evaluation is to identify conditions and cell designs for Li-ion
technology that can achieve more than 30,000 low-Earth-orbit cycles. Test-
ing is being performed at the Naval Surface Warfare Center, Crane Division,
in Crane, Indiana.
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Lithium-lon Cell Charge-Control Unit Developed

A lithium-ion (Li-ion) cell charge-control unit was developed as part of a Li-ion
cell verification program (ref. 1). This unit manages the complex charging
scheme that is required when Li-ion cells are charged in series. It enables
researchers to test cells together as a pack, while allowing each cell to charge
individually. This allows the inherent cell-to-cell variations to be addressed on
a series string of cells and reduces test costs substantially in comparison to
individual cell testing.

Life-test data of Li-ion cells is critical in order to establish their performance
capabilities for NASA missions and exploration goals. NASA missions that
fly in low Earth orbit require more than 30,000 cycles to meet many mission
requirements, and Li-ion batteries are relatively new to this type of application.
They require a more complex charging scheme than is typically required of the
alkaline cells that they may replace, and they require that strict voltage cutoff
levels be established and followed to ensure safe, long operation.

So that this requirement could be addressed on the laboratory test level, a
method was needed to manage the current through each cell once it reached
its cutoff voltage limit. In response to these requirements, a team of research-
ers atthe NASA Glenn Research Center developed a Li-ion cell charge-control
unit. The unit allows multiple Li-ion battery cells in a series-connected pack to
charge independently of each other when they are being charged from a single
current source. The unit serves the dual purpose of (1) ensuring that individual

cells are charged at full current up to
their voltage limit and are then held
at that voltage while allowing the
current to taper so that the cell can
continue to gain additional capacity
without becoming overcharged and
(2) allowing cells that are at lower
states of charge to continue to be
charged atfull currentuntil they reach
their voltage limit.

The unit consists of electronic circuits
and thermal management devices
housed inacommon package. Italso
containsisolated annunciators to sig-
nal when each cell is actively being
bypassed. These annunciators can be
used by external charge managers or
can be connected in series to signal
that all cells have reached maximum
charge. The charge-control circuitry
is self-powered by each of the battery
cells being regulated, eliminating the
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Charge control of four Li-ion cells during low-Earth-orbit cycling.

need for an external power source or controller to drive the circuitry. A 110-V
alternating-current source of electricity is required to power the thermal man-
agement portion of the system, and a small direct-current voltage source is
needed to activate the annunciator signal, if desired.

The Li-ion cell charge-control unit can address the unique charging require-
ments of Li-ion cells on an individual cell basis while reducing the number
of channels required to test the cells, resulting in substantial cost savings
to the testing program. The charge-control unit was coinvented at Glenn by
NASA and QSS Group, Inc., researchers, and the work was performed under

the NASA Aerospace Flight Battery
Systems program funded through the
Energetics Project of NASA's Office
of Aerospace Technology.
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Integrated Power and Attitude Control System

Demonstrated With Flywheels G2 and D1

On September 14, 2004, NASA Glenn Research Center’s
Flywheel Development Team experimentally demonstrated
a full-power, high-speed, two-flywheel system, simultane-
ously regulating a power bus and providing a commanded
output torque. Operation- and power-mode transitions
were demonstrated up to 2000 W in charge and 1100 W
in discharge, while the output torque was simultaneously
regulated between +0.8 N-m.

The G2 and D1 flywheels—magnetically levitated carbon-
fiber wheels with permanent magnet motors—were used for
the experiment. The units were mounted on an air bearing
table in Glenn’s High Energy Flywheel Facility. The opera-
tional speed range for these tests was between 20,000
and 60,000 rpm. The bus voltage was regulated at 125V

during charge and discharge, and charge-discharge Test hardware for Integrated Power and Attitude Control

and discharge-charge transitions were demonstrated by System.
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changing the amount of power that the power supply provided between
300 and 0 W. In a satellite system, this would be the equivalent of chang-
ing the amount of energy that the solar array provides to the spacecraft. In
addition to regulating the bus voltage, we simultaneously controlled the net
torque produced by the two flywheel modules. Both modules were mounted
on an air table that was restrained by a load cell. The load cell measured the
force on the table, and the torque produced by the two flywheels on the table

could be calculated from that meas-
urement. This method was used to
measure the torque produced by the
modules, yielding net torques from
—0.8 to 0.8 N-m. This was the first
Glenndemonstration of the Integrated
Power and Attitude Control System
(IPACS) at high power levels and
speeds.
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Testing Done for Lorentz Force Accelerators and
Electrodeless Propulsion Technology Development

The NASA Glenn Research Center is developing Lorentz force accelerators
and electrodeless plasma propulsion for a wide variety of space applications.
These applications range from precision control of formation-flying space-
craft to primary propulsion for very high power interplanetary spacecraft. The
specific thruster technologies being addressed are pulsed plasma thrusters,
magnetoplasmadynamic thrusters, and helicon-electron cyclotron resonance
acceleration thrusters.

The pulsed plasma thruster mounted on the Earth Observing-1 spacecraft
was operated successfully in orbit in 2002. The two-axis thruster system
is fully incorporated in the attitude determination and control system and is
being used to automatically counteract disturbances in the pitch axis of the
spacecraft. Recent on-orbit operations have focused on extended operations

to add flight operation time to the total
accumulated thruster life. The results
of the experiments pave the way for
electric propulsion applications on
future Earth-imaging satellites.

Future pulsed plasma thrusters will
include longer-life, higher-precision,
multiaxis thruster configurations
for applications such as three-axis
attitude control systems or high-
precision, formation-flying systems.
Advanced components, such as a
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Helicon source operating in inductive mode inside the vacuum chamber.

mica-foil capacitor, a wear-resistant spark plug, and a multichannel power-
processing unit were developed under NASA contract with Unison Industries,
General Dynamics, and C.U. Aerospace. A life test has demonstrated over
39 million pulses on these components, which approaches the near-term
life requirements for deep-space interferometry demonstrator missions.
The spark plug life is less than expected. Excessive spark plug electrode
wear is being addressed by incorporating novel wear-resistant metals. The
improved design is currently under evaluation. In addition, a three-axis pulsed-
plasma thruster demonstration module, which examines thruster packaging
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issues, was fabricated and was oper-
ated successfully in a functionality
test.

High-power steady-state Lorentz
force accelerators are being consid-
ered as primary propulsion options
for robotic and piloted interplanetary
and deep-space missions. The
Lorenz force accelerator team is
developing megawatt-class magne-
toplasmadynamic thrusters to meet
these demanding future mission
requirements. The self-field baseline
magnetoplasmadynamic thruster
has been tested with argon propel-
lant at power levels up to approxi-
mately 5 MW. Thruster performance
was accurately measured using a
thrust stand and calibrated mass
flow and power measurements. The
thrust reached values up to 50 N at
16,000 A, for mass flow rates rang-
ing from 0.25 to 0.75 g/sec, with
thruster operation at higher currents
limited by the onset of voltage oscil-
lations. The thrust values display the
expected quadraticincrease in thrust
with discharge current characteris-
tic of these devices. The use of an
additional applied magnetic field and
the use of hydrogen propellant are
the next steps in improving thruster
performance.

Electric propulsion thrusters either
currently in use or near realization
share the need for electrodes in
direct contact with the plasma they
generate. The elimination of the
electrode-plasma interaction could
either increase lifetime with high-
performance propellants or allow
the use of in situ propellants such
as lunar oxygen. In recognition of
the potential advantages offered by
electrodeless propulsion, Glenn has
begun to investigate helicon wave
sources both as possible replace-
ments to existing thruster components
and as the basis for future advanced
in-space propulsion systems. The
initial research effort has been to
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determine the feasibility of a short, narrow helicon source and to find the proper
magnetic field strengths, radiofrequency power levels, and flow rates for effec-
tive plasma ionization. The first operation of the helicon source to generate
plasma was achieved as shown in the photograph on the preceding page.
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Advanced Controller Developed for the Free-Piston

Stirling Convertor

A free-piston Stirling power convertor is being considered as an advanced
power-conversion technology for future NASA deep-space missions requiring
long-life radioisotope power systems. The NASA Glenn Research Center has
identified key areas where advanced technologies can enhance the capability

of Stirling energy-conversion sys-
tems. One ofthese is power electronic
controls. Current power-conversion
technology for Glenn-tested Stirling
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Active Power Factor Controller (APFC) and the Technology Demonstration Convertor’s system dynamic model (ref. 1).
Alt-Cur, alternator current; C1 and C2, capacitors 1 and 2; FET1 to FET6, MOSFET (metal oxide semiconductor field effect
transistor) control signal 1 to 6; H1, hot-end temperature; Ref-Cur, reference current signal; Rload, load resistor; T1, cold-

end temperature; Vsense, load voltage; Xp_pos, piston position.
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systems consists of an engine-
driven linear alternator generating
an alternating-current voltage con-
trolled by a tuning-capacitor-based
alternating-current peak voltage
load controller. The tuning capacitor
keeps the internal alternator electro-
motive force (EMF) in phase with its
respective current(i.e., passive power
factor correction). The alternator
EMF is related to the piston velocity,
which must be kept in phase with the
alternator current in order to achieve
stable operation. This tuning capaci-
tor, which adds volume and mass to
the overall Stirling convertor, can be
eliminated if the controller can actively
drive the magnitude and phase of the
alternator current.

To support the state-of-the-art devel-
opment activity, the Active Power
Factor Controller (APFC) has been
developed. This controller utilizes
active power factor correction elec-
tronics and microcontroller-based
controls. The selected power-stage
topology for the APFC is based on a
three-level full-bridge circuit (ref. 2).
This circuit, which was modeled in
Simplorer (Ansoft Corporation, Pitts-
burgh, PA), as shown in the diagram
on the preceding page, is similar to
a standard full-bridge circuit, except
that it can provide five voltage levels
for positive current control and five
voltage levels for negative current
control. The full-bridge topology can
provide only two voltage levels for
each current polarity. The top and
centergraphs show Simplorer simula-
tions of the alternator current, the ref-
erence current, the alternatorinternal
EMF, and the voltage applied to the
alternator by the power stage.

Abreadboard version of the controller
has been designed, fabricated, and
tested successfully with dual-opposed
Stirling convertors at light loads as
shown in the bottom graph. Future
plans are to continue the development
process and to test at the full rated
convertor power.
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Brayton-Cycle Power-Conversion Unit Tested With

lon Thruster

Nuclear electric propulsion has been identified as an enabling technology for
future NASA space science missions, such as the Jupiter Icy Moons Orbiter
(JIMO) now under study. An important element of the nuclear electric propul-
sion spacecraft is the power-conversion system, which converts the reactor
heat to electrical power for use by the ion propulsion system and other space-
craft loads. The electrical integration of the power converter and ion thruster

Closed-Brayton-cycle and NSTAR thruster installed in Glenn’s Vacuum Facility 6.
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represents a key technical challenge
in making nuclear electric propulsion
technology possible.

This technical hurdle was addressed
extensively on December 1, 2003,
when a closed-Brayton-cycle power-
conversion unitwas tested witha grid-
ded ion thruster at the NASA Glenn
Research Center. The test demon-
strated end-to-end power throughput
and marked the first-ever coupling
of a Brayton turboalternator and a
gridded ion thruster, both of which
are candidates for use on JIMO-type
missions. The testing was conducted
at Glenn’s Vacuum Facility 6, where
the Brayton unit was installed in the
3-m-diameter vacuum test port and
the ion thruster was installed in the
7.6-m-diameter main chamber.

The Brayton test unit was a fully
integrated power-conversion system
including aturboalternator, recupera-
tor, and gas cooler with helium-xenon
working fluid designed for operation
up to 2 kW. The heat source used
in the test was a series of silicon-
carbide electrical resistance heaters
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contained in a shell and tube heat exchanger that heated the helium-xenon
gas to over 1000 K, simulating a fission reactor source. A commercial chiller
with a pumped ethylene glycol cooling loop provided waste heat rejection,
simulating a space radiator system.

The ion thruster used in the test was an engineering model of the NASA Solar
Electric Propulsion Technology Application Readiness (NSTAR) gridded ion
thruster used successfully as the main propulsion system on the NASA Deep
Space 1 Mission in 1998. The NSTAR thruster is rated for operation up to
2.3 kW, providing 92-mN thrust and 3100-sec specific impulse using xenon
propellant. The similar power rating of the Brayton-cycle power-conversion
unit and the NSTAR made for a natural pairing.

The Brayton alternator power was routed through a fully representative power
management and distribution (PMAD) system, designed and built in-house
at Glenn. The PMAD converted the 55-V (root mean square, line-to-neutral),
three-phase alternating-current (ac) alternator output to 1100 direct-current
volts (Vdc) for use by the thruster beam supply. A transformer-rectifier-filter
approach was used for the ac-to-dc conversion.

The PMAD system also provided Brayton speed and voltage control via a
parasitic load radiator designed to maintain a constant load on the alternator
regardless of thruster demand. High-speed load transfer between the para-
sitic load radiator and the thruster beam supply provided fault protection dur-
ing thruster recycles. Recycles are intermittent and unpredictable electrical
transients that occur with ion thrusters, resulting in a momentary short-circuit

condition. If not properly managed,
thruster recycles could harm the
thruster grids, the PMAD, or the Bray-
tonrotating equipment. The testing veri-
fied that a recycle could be detected,
the power switched from the beam
supply within several milliseconds, and
the power switched back to the beam
supply in less than a second, all while
maintaining the thruster in operating
mode.
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Closed-Cycle Engine Program Used to Study Brayton

Power Conversion

One form of power conversion under consideration in NASA Glenn Research
Center’s Thermal Energy Conversion Branchis the closed-Brayton-cycle engine.
In the tens-of-kilowatts to multimegawatt class, the Brayton engine lends itself
to potential space nuclear power applications such as electric propulsion or
surface power. The Thermal Energy Conversion Branch has most recently
concentrated its Brayton studies on electric propulsion for Prometheus. One
piece of software used for evaluating such designs over a limited tradeoff
space has been the Closed Cycle Engine Program (CCEP).

The CCEP originated in the mid-1980s from a Fortran aircraft engine code
known as the Navy/NASA Engine Program (NNEP). Components such as a
solar collector, heatexchangers, ducting, a pumped-loop radiator, a nuclear heat
source, and radial turbomachinery were added to NNEP, transforming itinto a
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high-fidelity design and performance
tool for closed-Brayton-cycle power
conversion and heatrejection. CCEP
was used in the 1990s in conjunction
with the Solar Dynamic Ground Test
Demonstration conducted at Glenn.

Over the past year, updates were
made to CCEP to adapt it for an
electric propulsion application. The
pumped-loop radiator coolant can
now be n-heptane, water, or sodium-
potassium (NaK); liquid-metal pump
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design tables were added to accommodate the NaK fluid. For the reactor and
shield, a user can now electto calculate a higher fidelity mass estimate. Inaddi-
tion, helium-xenon working-fluid properties were recalculated and updated.

CCEP allows researchers to design a closed-Brayton-cycle power-conversion
system and then evaluate the system’s off-design performance. Design trade-
off studies conducted with CCEP included varying alternator power output,
system peak pressure, turbomachinery shaft speed, helium-xenon molecular
weight, and compressor pressure ratio. Design point calculations of interest
were the system total mass, radiator area, and heatinput required. Steady-state
off-design performance studies included reducing the shaft speed, bypassing
the recuperator, and reducing the turbine inlet temperature to see how the
change in operating conditions affected the heat input required, the alternator
power output, and the potential for the radiator fluid to freeze. Transient analysis
in CCEP is being used in more extensive off-design performance analysis.

CCEP contains enough flexibility
to make it useful for a variety of
closed-Brayton-cycle configurations.
Whether future CCEP versions are
maintained in the Fortan format
or the methods and equations are
transported to a new platform, CCEP
will continue its legacy as a power-
ful closed-Brayton-cycle design and
analysis tool.
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Stirling Convertor System Dynamic Model Developed

Free-piston Stirling convertors are being developed for potential use on NASA
exploration missions. In support of this effort, the NASA Glenn Research Cen-
ter has developed the Stirling convertor System Dynamic Model (SDM). The
SDM models the Stirling cycle thermodynamics; heat flow; gas, mechanical,
and mounting dynamics; the linear alternator; and the controller. The SDM’s
scope extends from the thermal energy input to thermal, mechanical, and
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electrical energy output, allowing
one to study complex system inter-
actions among subsystems. Thermal,
mechanical, fluid, magnetic, and
electrical subsystems can be stud-
ied in one model. The SDM is a
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nonlinear time-domain model containing subcycle dynamics, which simu-
lates transient and dynamic phenomena that other models cannot. The entire
range of convertor operation is modeled, from startup to full-power conditions.

The SDM has been developed as a “bottom-up” model based on first prin-
ciples. Components are modeled separately, then combined into subsystems.
The SDM can be set up to include multiple convertors in various mechanical
and electrical configurations, including dual-opposed, parallel-electrical, and
series-electrical configurations. It is being used to model free-piston conver-
tors from less than 100 W to over 10 kW.

In modeling the Stirling cycle thermodynamics, the SDM assumes the isother-
mal Stirling cycle of the Schmidt model. It considers pumping losses through the
heat exchangers and internal gas flows through the clearance seals. Itincludes
the piston and displacer masses, along with case masses. The SDM models
the piston offset due to the so-called seal pumping effect, and it connects the
case mass to a ground through a compliant damped linkage. The temperature-
dependent alternator model includes the output current, voltage, and electro-
magnetic force. A library of various controller models has been created.

The 55-We Technology Demonstration Convertor hardware and data avail-
able at Glenn are being used to validate the SDM empirically. The available
data include test results documenting steady-state normal operation as well
as test results that explore the robustness of the system. These include three
different tests in which the power factor of the load circuit was varied by vary-
ing the value of a capacitor in series with the load. The tests covered different
system configurations and different power levels. SDM simulations were per-
formed that duplicated the test conditions for each of these tests. The results
were compiled and used in the SDM validation. The model is also useful in
the design of controllers and in the study of various systems issues.

The Glenn SDM uses the Ansoft Simplorer 7.0 platform. It is now being linked
with Sage (Stirling cycle simulation software) to provide enhanced thermody-
namic capability. The Sage thermodynamics option will be used in simulations
where the isothermal Stirling cycle is not sufficiently accurate.
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Stirling Power Convertors Demonstrated in Extended

Operation

A 110-W Stirling Radioisotope Generator (SRG110) is being developed by
Lockheed Martin Astronautics of Valley Forge, Pennsylvania, under contract
to the Department of Energy of Germantown, Maryland. The generator will be
a high-efficiency electric power source for NASA space exploration missions
that can operate in the vacuum of deep space or in a gaseous atmosphere,
such as on the surface of Mars. The generator converts heat supplied by the
decay of a plutonium heat source into electric power for the spacecraft. In
support of the SRG110 project, the NASA Glenn Research Center has estab-
lished a technology effort that will provide some of the key data to ensure a
successful transition to flight for what will be the first dynamic power system
to be used in space. High system efficiency is obtained through the use of
free-piston Stirling power-conversion technology. Glenn tasks include in-house
testing of Stirling convertors and controllers, materials evaluation and heater
head life assessment, structural dynamics, evaluation of electromagnetic
interference, assessment of organics, and reliability analysis. There is also an
advanced technology effort that is complementary to the near-term technol-
ogy effort, intended to reduce the mass of the Stirling convertor and increase
efficiency.

To demonstrate the capability for long life, Glenn has been tasked with extended
operation of a pair of flight prototype Stirling power convertors—Technology
Demonstration Convertors (TDCs) #13 and #14. The TDCs were developed
by the Stirling Technology Company of Kennewick, Washington. TDCs #13

TDCs #13 and #14 on an extended operation test at Glenn.
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and #14 recently surpassed 1 year of
operation and now have over 9850 hr
of extended operation. The power
output and efficiency have remained
nearly constant throughout this test.
TDCs #15 and #16 are scheduled to
begin extended operation at Glenn
later this year following a vibration
test that will simulate the dynamics
of launch, and TDCs #5 and #6 will
begin extended operation in a ther-
mal vacuum environment intended
to simulate operation in deep space.
Extended operation of all convertors
will continue in support of Lockheed
Martin and the SRG110 project.
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Reliability of the SRG110 Stirling Convertor Quantified

The NASA Glenn Research Center has been involved in the development of
Stirling power-conversion technology and is currently providing technical support
to the Department of Energy and Lockheed Martin, of Valley Forge, Pennsyl-
vania, their system integration contractor, for the 110-W Stirling Radioisotope
Generator (SRG110). Stirling radioisotope power-conversion technology is a
potential candidate for future deep-space science and exploration missions.
The SRG110 has a multifold increase in efficiency and would reduce the
inventory of the radioisotope fuel by a factor of 4 in comparison to systems
used to power past missions.

The SRG110 is a new radioisotope power system that will have to perform
efficiently for up to 14 years; therefore, high reliability is of paramount impor-
tance. The SRG110 has five major subsystems: the heat source, the Stirling
Convertor Assembly (SCA), the structure, the radiator, and the controller.
The SCA is a free-piston device consisting of many components, materials,
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electronics, and heat exchangers,
and it involves multiple disciplines.
Critical components governing the
performance and reliability ofthe SCA
are the heater head, regenerator,
displacer, flexures, fasteners, clear-
ance seals, cooler, linear alternator
(magnets, stators, and coils), and
heat exchangers.

The design variables of different SCA
components inherit uncertainties
from the material behavior, the loads,
the manufacturing and fabrication
processes, component integration
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expansion and
compression spaces
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and the interfaces of components, and human factors. Conventional design
approaches based on factors of safety (which do not quantify the reliability)
have resulted in highly conservative, expensive designs. Glenn has pursued
a more rational reliability approach: quantifying SCA reliability while meeting
key mission objectives, such as flight qualification, certification, and mission
success.

These efforts have addressed reliability of the heater head, the flexures, the
linear alternator magnets, and the fasteners. Heater head reliability for long-
term durability under sustained high-temperature loads and rare thermal
excursions has been quantified and verified with the accelerated test data.
Analysis has shown that the reliability is most sensitive to uncertainties in the
creep behavior of the material. In addition, the reliability of the flexures for a
fatigue life of 35 billion cycles during a mission has been evaluated, and the
test data are being verified. Initial evaluation showed that the reliability of the
flexures is most sensitive to variations in the piston stroke. Evaluation of the
linear alternator magnets showed that the reliability of the generated voltage
is most sensitive to uncertainties in the gap between the mover and the stator
andto the magnetization properties of magnets. Sensitivity evaluation provides
guidelines to improve reliability by identifying the variables to control during
operation as well as tests to be performed for verification.

Evaluation of the reliability of other SCA components, as well as testing to
provide quantification, is in process. We also plan to integrate the results of
the SCA component reliability to quantify the reliability of the overall SCA, and
to verify them with the test data that are being collected from the extended
operation of the Stirling convertors.
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Work Began on Contracts for Radioisotope Power
Conversion Technology Research and Development

NASA has had a history of successful space flight missions that depended
on radioisotope-fueled power systems. These Radioisotope Power Systems
(RPSs) converted the heat generated from the decay of radioisotope material
into useful electrical power. An RPS is most attractive in applications where
photovoltaics are not optimal, such as deep-space applications where the
solar flux is too low or extended applications on planets such as Mars where
the day/night cycle, settling of dust, and life requirements limit the usefulness
of photovoltaics. NASA's Radioisotope Power Conversion Technology (RPCT)
Programis developing next-generation power-conversion technologies that will
enable future missions that have requirements that cannot be met by the two
RPS flight systems currently being developed by the Department of Energy
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for NASA: the Multi-Mission Radio-
isotope Thermoelectric Generator and

the Stirling Radioisotope Generator
(SRG).

RPCT performance goals include
improvement over the state-of-
practice General Purpose Heat
Source/Radioisotope Thermoelectric
Generator (GPHS-RTG, 7-percent
efficiency and 5 W/kg atthe beginning
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of the mission) by providing significantly higher efficiency to reduce the number
of radioisotope fuel modules and to increase specific power (watts/kilogram).
Other general RPCT goals include safety, long-life (14 years, with well-
understood degradation), reliability, scalability, multimission capability (in
vacuum and atmosphere), resistance to radiation (from the GPHS-RTG or
potential mission environments), and minimal interference with the scientific
payload.

The RPCT Program has awarded five development contracts using more
mature technologies (technology readiness levels (TRLs) 3 to 5) and five
research contracts using less mature technologies (TRLs 1 to 3). The selec-
tions include a broad range of conversion technologies including dynamic
technologies (free-piston Stirling and turbo-Brayton), and static technologies
(thermoelectric and thermophotovoltaic). Most of the contracts are developing

technologies applicable to a nominal
100-W-class RPS, but two of the
research contracts using thermoelec-
trics are specific to a low-power RPS
(milliwatt to multiwatt class). Each
contract has a performance period
of 3 years and will be divided into
three 1-year phases, with options to
continue the following phase after the
conclusion of each phase.

A Government-led Advanced RPS
Systems Assessment Team was
formed, with members from the NASA

The five higher TRL development contracts, along with the contractor’s performance estimates at the end of phase |,

are shown in the following table:

Company Technology Direct-current | Efficiency, | Specific
power, percent power,
We Wrkg
Creare, Inc. Precision fabricated miniature-rotor turbo-Brayton power 60 25 9
converter
Creare, Inc. Thermophotovoltaic converter using InGaAs cells? 85 >15 10
Edtek, Inc. Thermophotovoltaic converter using GaSb cells? 80 16 14
Sunpower, Inc. Advanced free-piston Stirling convertor 82 37 10
Teledyne Energy | Segmented thermoelectrics using Bi-Te with PbTe, and 24 10 3.2
Systems, Inc. PbSnTe/TAGS®

2lnGaAs, indium gallium arsenide.
bGaSb, gallium antimony.

CBi-Te, bismuth-tellurium; PbTe, lead-tellurium; PbSnTe/TAGS, lead-tin-tellurium/tellurium-antimony-germanium-silver.

The five lower TRL research contracts, which may only deal with components, are summarized in the final table:

Company Technology Power Efficiency,
percent
Cleveland State University Microfabrication Stirling regenerator 6- to 9-percent gain for | = --------
Stirling convertor
Essential Research, Inc. Dot-junction InGaAs-on-InP cell for 30
thermophotovoltaics?
Hi-Z, Inc. Multiwatt quantum well Si-Ge 30
thermoelectrics?
Massachusetts Institute of Technology | Nanostructure Si-Ge thermoelectrics? 12t0 14
Teledyne Energy Systems, Inc. Cascaded superlattice PbTe/TAGS 50- to 100-mW module >8
BiTe Thermoelectric®
2InGaAs-on-InP, indium gallium arsenide on indium phosphide.
bSiGe, silicon germanium.
°PbTe/TAGS, lead tellurium/tellurium-antimony-germanium-silver; BiTe, bismuth tellurium.
RESEARCH AND TECHNOLOGY -« 2004 107 |
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Collage of hardware and designs developed during the RPCT phase-I development
contracts, representing Brayton, Stirling, thermoelectric, and thermophotovoltaic
technology.

Glenn Research Center (lead), the
JetPropulsion Laboratory, the Depart-
ment of Energy, and Orbital Sciences
Corporation. Theteam’s functionis to
review the technologies being devel-
oped under the 10 RPCT contracts,
assess their relevance to NASA's
future missions, and provide recom-
mendations to the RPS program with
regard to status of the technology,
technology development options,
phase-to-phase funding, and poten-
tial down-selection. The team also is
responsible for using the RPCT tech-
nologies to develop conceptual RPS
designs and for projecting system-
level performance.
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Low-Temperature Chalcopyrite Thin-Film Solar Cells
Developed for Space Photovoltaic Applications

The NASA Glenn Research Center is researching low-cost, highly efficient
chalcopyrite thin-film solar cells on lightweight polymer substrates that will
ultimately lower the mass-specific power (watts/kilograms) of the cells, allow-
ing extra payload for missions in space as well as cost reduction. In addition,
thin-film cells are anticipated to have greater resistance to radiation damage
in space, enabling their use in a wide range of orbits and prolonging their
lifetime. The flexibility of the substrate has the added benefit of enabling roll-
to-roll processing.

Current methods for depositing ternary chalcopyrite (I-IlI-VI,) thin-film
compounds often require multisource inorganic/organometallic precursors
and high-temperature (>500 °C) processes, including toxic sulfurization or
selenization steps. The high-temperature requirements are incompatible with
existing space-grade polymer substrates, and the use of toxic gases is not
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environmentally friendly. To over-
come these obstacles, Glenn and
the Ohio Aerospace Institute (OAI)
have developed single-source pre-
cursors for the thin-film deposition of
chalcopyrite materials (ref. 1). The
precursors have “built-in” [-111-V1 stoi-
chiometry with desirable thermophysi-
cal properties for low-temperature
deposition.

Aerosol-assisted chemical vapor
deposition (AACVD) can easily be
adapted to use liquid precursors in
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(Al/Ni/ITO/i-ZnO/CulnS ,/CdS/Mo/glass) fabricated with CulnS, depos-
ited by AACVD using a single-source precursor.

the deposition of large-area thin films. Single-source precursors have enabled
the AACVD of single-phase (112)-oriented copper indium sulfide (CulnS,)
thin films on glass substrates at under 400 °C and have showed promising

potential for polymer substrates (refs. 2 and 3).

The entire fabrication process for the chalcopyrite photovoltaic device
was established at Glenn, and the CulnS, thin-film solar cells on glass were
constructed at Glenn, Oberlin College, and the Institute of Energy Conversion
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Chalcopyrite

at the University of Delaware (ref. 3).
The light current-voltage charac-
teristics of the solar cell showed
an open-circuit voltage over 400 mV
and a short-circuit current over
7 mA/cm?; that is comparable to
other AACVD-made, chalcopyrite
thin-film solar cells using more than
one source. The single-source pre-
cursors can provide a simple novel
fabrication process for multijunction
solar cells composed of several chal-
copyrite compounds with different
bandgaps.
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Ground-Laboratory to In-Space Effective Atomic-Oxygen
Fluence Determined for DC 93-500 Silicone

Surfaces on the leading edge of spacecraft in low Earth orbit (e.g., surfaces
facing the velocity direction), such as on the International Space Station, are
subjectto atomic oxygen attack, and certain materials are susceptible to erosion.
Therefore, ground-based laboratory testing of the atomic oxygen durability of
spacecraft materials is necessary for durability assessment when flight data
are not available. For accurate space simulation, the facility is commonly
calibrated on the basis of the mass loss of Kapton (DuPont, Wilmington, DE)
as a control sample for effective fluence determination. This is because Kapton
has a well-characterized atomic oxygen erosion yield (Ey, in cubic centimeters
per atom) in the low Earth orbit (LEO) environment.

Silicones, a family of commonly used spacecraft materials, do not chemically
erode away with atomic oxygen attack like other organic materials that have
volatile oxidation products. Instead, silicones react with atomic oxygen and form
an oxidized hardened silicate surface layer. Often the loss of methyl groups
causes shrinkage of the surface skin and “mud-tile” crazing degradation. But
silicones often do not lose mass, and some silicones actually gain mass dur-
ing atomic oxygen exposure. Therefore, the effective atomic oxygen fluence
for silicones in a ground-test facility should not be determined on the basis
of traditional mass-loss measurements, as it is with polymers that erode.
Another method for determining effective fluence needs to be employed for
silicones.

A new technique has been developed at the NASA Glenn Research Center
for determining the effective atomic oxygen fluence for silicones in ground-test
facilities. This technique determines the equivalent amount of atomic oxygen
oxidation on the basis of changes in the surface-oxide hardness. The specific
approach developed was to compare changes in the surface hardness of
ground-laboratory-exposed DC93-500 silicone with DC93-500 exposed to
LEO atomic oxygen as part of a shuttle flight experiment. The on-the-ground
to in-space effective atomic oxygen fluence was determined on the basis of
the Kapton effective fluence in the ground-laboratory facility that produced the
same hardness for the fluence in space.

Because microhardness measurements need to be obtained on the very
surface layer of arubber substrate (with primarily elastic deformation), traditional
techniques for microhardness characterization, which apply relatively large
forces and characterize hardness on the basis of plastic deformation, could not
be used. Therefore, nanomechanical testing, using ultralight load indentations
and continuous load-displacement monitoring, was used to determine the
surface hardness of the silicones. Hardness versus contact depth were
obtained for five DC93-500 samples exposed to atomic oxygen in an electron
cyclotron resonance (ECR) thermal energy source facility (exposed for 18 to
40 hr, corresponding to Kapton mass-loss effective fluences of 4.2x1020 to
9.4x1020 atoms/cm?, respectively) and for a space-exposed DC93-500. The
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in-space exposed DC93-500 sample
was exposed to LEO atomic oxygen
as part of the Evaluation of Oxygen
Interactions With Materials Il (EOIM
[II) shuttle flight experiment flown on
STS-46. This sample was exposed
to directed ram atomic oxygen from
within the shuttle bay and received
a LEO atomic oxygen fluence of
2.3+0.3x1020 atoms/cm?. Pristine
controls for the ECR tests and for
the EOIM Il flight sample were also
measured. The top graph on the
next page provides the hardness
versus contact depth for pristine
DC93-500, the EOIM-IIIflightsample,
and DC93-500 exposed to the ECR
atomic-oxygen source for 24 hr.

Values obtained from the curve-fit
equations for each data set of hard-
ness versus contact depth were used
to produce plots of hardness versus
Kapton effective atomic oxygen flu-
enceatcontactdepths of 150, 200, 250,
and 300 nm. These depths represent
the “near surface” data. The 150-nm
contact depth plot is provided in the
bottom graph on the next page.

The ECR Kapton effective fluences
that provided the same hardness as
for the EOIM IIl sample for depths
of 150, 200, 250, and 350 nm were
determinedtobe6.10,6.00,6.04,and
6.16x1020 atoms/cm?, respectively.
Averaging these values provides
6.08x1020 atoms/cm?; therefore,
the Kapton effective atomic oxygen
fluence in the ECR facility needs to
be 2.64 times higher than in LEO to
produce exposure damage in the
ground test silicone equivalent to
what occurred in the space-exposed
silicone.
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This technique has been directly
correlated with silicone pressure-
sensitive adhesive (PSA) samples
that have been ECR exposed for
International Space Station solar-
array diode tape blocking assess-
ment. The DC93-500 samples were
ECR exposed simultaneously with
silicone PSA samples. On-orbit, the
silicone PSA surface will eventually
convert to a hardened silicate glass
layer, changing from a sticky surface
toaglassynonblock surface. By using
the correlation of ground and space
DC93-500 data, one can deduce the
ground-test effective fluence of the
silicone PSAand can more accurately
determine the degree of blocking
versus atomic oxygen exposure that
can be expected on-orbitforthe space
station diode tape.
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Vacuum Ultraviolet Radiation Effects on DC93—-500 Silicone

Film Studied

A space-qualified silicone polymer, DC93-500 (Dow Corning, Midland, Ml),
has been used as a spacecraft solar cell adhesive and has been proposed for
use in a Fresnel lens solar concentrator for space power applications. Applica-
tions of DC93-500 for exterior space system surfaces require an understand-
ing of its overall space environmental durability. Vacuum ultraviolet (VUV)
radiation is among the space environment elements that can be hazardous to
the properties of DC93-500, causing degradation in optical and mechanical
properties. For materials or components that have not been tested previously
for long-duration performance in space, such as DC93-500 in freestanding
film form, ground laboratory testing is an important tool for assuring durability.
However, differences between the space environment and ground laboratory
testing environments lead to complexities in interpreting the ground test results.
Two important differences between space and laboratory vacuum ultraviolet
exposure conditions are irradiance spectra and light intensity. These important
differences were the basis for laboratory experiments conducted to examine
VUV wavelength dependence and VUV intensity dependence of DC93-500
degradation. Testing conducted at the NASA Glenn Research Center along
with additional data provided through a grant with the University of Nebraska-
Lincoln, has advanced the understanding of VUV effects on DC93-500 and
has provided important conclusions regarding the use of ground laboratory
VUV testing to predict the space environment performance of DC93-500.
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In one set of experiments, transmit-
tance degradation of DC93-500 was
examined as a function of exposure
to narrow wavelength bands (~20-nm
bandwidth) of VUV in the 140- to
200-nm-wavelengthrange. The graph
on this page plots the transmittance
of DC93-500at250 nm, awavelength
where significant degradation was
evident, versus the incident VUV
energy fluence. Itis evident from this
figure that VUV exposure through fil-
ters that transmitlonger wavelengths
caused a higher rate of transmittance
degradation than VUV exposure
through filters that transmit shorter
wavelengths. The most likely expla-
nation for this is that the longer wave-
lengths penetrate more deeply into
DC93-500 and, therefore, affect more
of the bulk of the material. This theory
was validated through ellipsometric
measurements, which determined
VUV penetration into DC93-500 as
a function of wavelength.

In another set of experiments, broad-
spectrum VUV exposures (to wave-
lengths greater than 115 nm) were
used to examine the effects of VUV
intensity on the degradation rates of
optical and mechanical properties.
The graph on the next page shows
elongation at failure for 152-pm-thick
DC93-500 silicone films as a func-
tion of exposure given in equivalent
space solar exposure hours (ESH)
forintensities of 1.5,3.0,and 5.5times
the solar VUV intensity (i.e., number
of “suns”). Ultimate tensile strength,
elongation at failure, and transmit-
tance were found to decrease with
increasing exposure, and the rate of
degradation was found tobeindepen-
dent of intensity. Mechanical proper-
tiesand optical properties decreased,
approaching asymptotic values near
the 2000—ESH exposure level. This
work is part of ongoing research to
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support the development of long-
duration, durable space power system
materials and surfaces.
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Conductive Composites Made Less Expensively

The use of electrically conductive composite structures for elec-
trostatic dissipation, electromagnetic interference shielding, and
ground return planes could save between 30 and 90 percent of
the mass of the structure, in comparison to aluminum (ref. 1). One
strategy that has been shown to make conducting composites
effectively uses intercalated graphite fiber as the reinforcement.
Intercalation—the insertion of guest atoms or molecules between
the graphene planes—can lower the electrical resistivity of graphite
fibers by as much as a factor of 10, without sacrificing mechanical
or thermal properties.

But what can you do if your requirements call for a material with
a higher conductivity than that of graphite epoxy composite, and
intercalated graphite composite exceeds your budget? A cost-
effective alternative might be a laminar composite in which just

— AAAAA——
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A simple four-resistor parallel circuit is electrically
equivalent to a four-ply composite. In this figure,
the short resistor represents a layer of lower resis-
tance (i.e., intercalated) fibers.

some of the graphite fiber plies are intercalated. Scientists at the NASA Glenn ~ Through constructing many different
Research Center have found that constructing laminar composites with just ~ laminar composites using woven
one ply of intercalated graphite fibers combined with three plies of pristine  graphite fiber fabrics with a differ-
graphite fibers results in a composite resistivity that is one-half that of the fully ~ ent resistivity in each layer, it was

pristine composite.

found that the resistivity of laminar
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Points represent the experimentally measured (resistivity/
resistivity of pristine fiber composite) of three-, four-, and five-ply
graphite fiber-epoxy composites as a function of the number of
plies intercalated with bromine, with the remaining plies pristine.
The lines show the results from the parallel resistor model.

composites follows a parallel-circuit model (see the sketch on the preceding
page). Since bromine intercalation lowers the fiber resistivity by a factor of 5,
one ply of bromine-intercalated Thornel (Cytec Engineered Materials, Tempe,
AZ) P-100 graphite fiber (50-uQ-cm) combined with three plies of pristine
P—100 graphite fiber (250-pQ-cm) results in a composite resistance half that of
a composite made solely from the pristine fibers. This very simple model does
not take into account such factors as the variation in the volume fraction of the
fiber, which can be very important. But even at that, the data were found to be
a very close fit for three-, four-, and five-ply composites (see the graph). The

results were the same whether the
intercalated fibers were in surface
layers or buried layers.

The implication of this work is that the
most cost-effective solutions to filling
the needs of specificapplications may
involve composites in which a single
layer carries most of the electrical
load, while all the layers share the
mechanical load.

Reference

1. Gaier, J.R.: Intercalated Graphite
Fiber Composites as EMI Shields in
Aerospace Structures. |IEEE Trans.
Electromag. Compat., vol. 34, issue 3,
1992, pp. 351-356.

Glenn contact:
Dr. James R. Gaier, 216—433-6686,
James.R.Gaier@nasa.gov

Author:
Dr. James R. Gaier

Headquarters program office:
OAT

Programs/Projects:

High-conductivity, low-weight applica-
tions such as electromagnetic shielding
enclosures and ground planes

Concept Developed for an Implanted Stimulated

Muscle-Powered Piezoelectric Generator

Implanted electronic devices are typically powered by batteries or transcu-
taneous power transmission. Batteries must be replaced or recharged, and
transcutaneous power sources burden the patient or subject with external
equipment prone tofailure. Acompletely self-sustaining implanted power source
would alleviate these limitations. Skeletal muscle provides an available autolo-
gous power source containing native chemical energy that produces power in
excess of the requirements for muscle activation by motor nerve stimulation.
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A concept has been developed to
convert stimulated skeletal muscle
power into electrical energy (see
the illustration on the next page). We
propose to connect a piezoelectric
generator between a muscle tendon
and bone. Electrically stimulated
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Concept for an implanted, stimulated muscle-powered generator. The tendon of a muscle, such as the palmaris longus, is
detached from its distal bone. Piezoelectric material is attached in series between the tendon and bone. Electrically stimu-
lated muscle contractions exert force on the piezoelectric material, producing a charge across the material. The generated
energy is stored in a battery or capacitor and used to power the stimulator and other loads.

muscle contractions would exert force on the piezoelectric generator, charg-
ing a storage circuit that would be used to power the stimulator and other
devices.

Software circuit models are being used to evaluate the fundamental design
considerations for the muscle-powered piezoelectric generator. We are
evaluating the most effective size, shape, and material for the piezoelectric
generator, given the physiological constraints imposed by the biological sys-
tem. Piezoelectric generator shapes include stacks, beams, and thin film;
and piezoelectric materials include ceramics and polymers. A piezoelectric
generator can be electrically represented as a voltage source in series with
a capacitor. The voltage depends on the magnitude, frequency, and direction
of the force application; the piezoelectric constant; and the dimensions of the
material. The capacitance depends on the dielectric constant and the dimen-
sions of the material. The input to the piezoelectric generator is the tension
developed by the muscle. For simulation purposes, this input was modeled
as a 10-N, 1-Hz sinusoid.
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Piezoelectric stack generators were
found to produce more power than
beam or thin-film generators for this
application. These stacks are com-
posed of many layers of thin lead
zirconate titanate plates. The most
sensitive parameter to output power
generation was the overall thickness,
indicating that the number of layers
should be maximized. Increasing the
number of layers increases the capaci-
tance ofthe generator, allowingimped-
ance matching with a higher capacity
capacitor in the storage circuit.

The theoretical output power of the
piezoelectric stack generator was
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Summary of the power-generation levels of the three generators compared with
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level of the muscle stimulator required to run the generator. The stack generator
theoretically produces more power than is needed to power the organic robot;
therefore, a self-supporting system may be feasible.

significantly higher than the anticipated power requirements for muscle stimu-
lation or organic robot operation, indicating that a stimulated muscle-powered
generator may be feasible (see the preceding bar chart). The generator may
be feasible for totally powering some applications and for augmenting exter-
nal power sources or implanted, limited-life power sources of high-power-
consuming applications. Additional modifications, such as frequency tuning
and optimization of the system, may be required to increase the output power
of the generator enough to power applications such as neuroprostheses
for restoring limb function. The results support the continued development

Ozone Exposure System Designed and
High-Altitude Airship Materials

High-altitude airships can receive high doses of ozone over short mission
durations. For example, in 1 year at an altitude of 70,000 ft, the ozone fluence
(number arriving per unit area) can be as high as 1.2x1024 molecules/cm?.
Ozone exposure at these levels can embrittle materials or change the perfor-
mance of solar cells. It is important to expose components and materials to
the expected ozone dosage to determine if the ozone exposure could cause
any mission-critical failures.
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of an implanted, stimulated muscle-
powered piezoelectric generator.
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Used to Test

A system was designed and used at
the NASA Glenn Research Center to
expose small materials and compo-
nents to the desired dosage of ozone.
Commercial ozone generators typi-
cally produce higher concentrations
of ozone than are needed to simulate
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the Earth’s upper atmosphere, so Vent to safe exhaust
the output of a commercial genera- for pressure relief
tor was diluted in a mixing chamber T

with air. The output from the mixing Ozone from

chamber was then allowed to flow generator

: D —
into an exposure chamber where the

ozone concentration was monitored. A

The concentration needed to simulate AN

the upper atmosphere was higher
than the range of the ozone detector,
however. To determine the concen-
tration of ozone in the chamber, we
conducted several tests—stopping
the ozone flow altogether and watch-
ing the concentration of ozone in the
exposure chamber as a function of
time for differentairflow rates. Initially,
the detector was pegged off scale,
but then it dropped to levels that the
detector could read, and we gener-
ated a family of curves at different
airflow rates by plotting the ozone
concentration as a function of the time that the ozone was turned off. The data
fit followed a simple exponential decay model, so this could then be used to
determine the airflow rate that was needed to produce the desired concen-
tration of ozone for the exposure duration needed. The flux (number per unit
area per time) of ozone arriving at a surface in the Earth’s upper atmosphere
for test concentration and duration determination can be estimated by using
standard gas laws giving the flux:

Ozone-exposure system.

flux = 1/4 x density of ozone x average velocity of ozone molecule

By using this technique, we could achieve full mission fluences in a few hours
of exposure in the laboratory. The data generated by testing exposed materi-
als and components can give great insight into mission performance and can
alert designers to potential critical failures.
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Microsystem Cooler Concept Developed and Being

Fabricated

A patented microsystem cooler concept has been developed by the NASA
Glenn Research Center. It incorporates diaphragm actuators to produce the
Stirling refrigeration cycle within a planar configuration compatible with the
thermal management of electronics, sensors, optical and radiofrequency
systems, microarrays, and other microsystems. The microsystem cooleris most
suited to volume-limited applications that require cooling below the ambient
or sink temperature. Johns Hopkins University Applied Physics Laboratory is
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conducting development testing and
fabrication of a prototype under a
grant from Glenn.

Primary components of the planar

device include two diaphragm
actuators that replace the pistons
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found in traditional-scale Stirling machines, and a microregenerator that stores The regenerator part of the micro-
and releases thermal energy to the working gas during the Stirling cycle. system cooler is critical to the feasi-
The use of diaphragms eliminates the frictional losses and bypass leakage bility and performance of the
associated with pistons while permitting reversal of the hot and cold sides of  device. A piezoelectric-actuated test
the device during operation to allow precise temperature control. The concept apparatus was constructed to
has evolved into a design incorporating deep-reactive ion-etching fabrication characterize this critical component,
to produce electrostatically driven comb-drive diaphragms with a spiral spring and several regenerator candidates
mounting for maximum deflection. A prototype device based on this design were fabricated and tested. Johns
(see the following illustration) is being fabricated. Hopkins custom fabricated two of
the regenerators of porous ceramic,
and Polar Thermal Technologies con-
structed one regenerator of multiple
layers of nickel and photoresistin an
offset grating pattern. An additional
regenerator composed of random
stainless-steel fiber matrix commonly
used in existing traditional-scale
Stirling machines was prepared for
comparison to the custom-fabricated
Regenerator regenerators.

Test results indicate that each
o Il regenerator exhibits a unique system
e resonant frequency where the
greatestmembrane deflection occurs,
Expansion and hence the greatest swept volume
chamber (see the table). These data will be
used to select the regenerator with
the best combination of high resonant
frequency and maximum membrane
deflection for the prototype device.

Compression
chamber

Ceramic
mounting
substrate
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Reliability of Electronics for Cryogenic Space Applications

Being Assessed

Many future NASA missions will require electronic parts and 1.0002 —

circuits that can operate reliably and efficiently in extreme tem-

perature environments below typical device specification temper-

atures. These missions include the Mars Exploration Laboratory,

the James Webb Space Telescope, the Europa Orbiter, surface §

rovers, and deep-space probes. In addition to NASA, the aero- g 0.9998 - o Typical uncompensated
space and commercial sectors require cryogenic electronics in g oscillator, 10 MHz
applications that include advanced satellites, military hardware, s JPL oscillators

medical instrumentation, magnetic levitation, superconducting N x 2 MHz

energy management and distribution, particle confinement and g 0.9994 o 10 MHz
acceleration, and arctic missions. Besides surviving hostile space g 0 12 MHz
environments, electronics capable of low-temperature operation . 88 mm;

would enhance circuit performance, improve system reliability,

extend lifetime, and reduce development and launch costs. In | | |
addition, cryogenic electronics are expected to result in more 0-992800 100 0 100

efficient systems than those at room temperature.

Presently, electronic parts suppliers rate their commercial-
off-the-shelf components for operation between 0 and 70 °C.
These parts have limitations in extended temperature ranges
because of the materials used, device design and packaging,
and manufacturing processes. Military-grade devices are rated
at-55to 125 °C, and use different processes. Limited information is available
on the performance of components and circuits outside of these temperature
ranges. In addition, little is known about the effects of the thermal cycling
that is typical of most space missions. Understanding the effects of extreme
temperatures on electronics and determining their performance reliability are
critical elements for aiding mission planners in the design of spacecraft power
systems, as well as in establishing associated risk factors.

There are ongoing efforts at the NASA Glenn Research Center to establish a
database on the reliability of electronic devices under extreme low-temperature
operation for space applications. These efforts are performed under NASA’s
Low-Temperature Electronics Program with emphasis on device and cir-
cuit characterization at cryogenic temperatures and under long-term, wide-
temperature thermal cycling. The results of these investigations will be used
to establish safe operating areas and to identify degradation mechanisms
and failure modes. This body of knowledge will be disseminated to mission
planners and system designers in order to optimize design and mitigate risks.
Electronics investigated in this work include passive and active components,
digital and analog transducers, direct-current to direct-current converters,
sensors, logic and control circuits, operational amplifiers, and semiconductor
switches. The graph, for example, shows the normalized output frequency
of five programmable oscillators along with that of a typical uncompensated
10-MHz oscillator as a function of temperature between 100 and —195 °C.
It can be clearly seen that the curves for the five Jet Propulsion Laboratory
(JPL) programmable oscillators were virtually identical to each other and to
that of the crystal oscillator, and that the frequency of all the devices began
to drop as the temperature approached around —40 °C. This decrease in fre-
quency became steeper as temperature was reduced further.

RESEARCH AND TECHNOLOGY - 2004

Temperature, °C

Normalized output frequency of six oscillators versus
temperature. Frequency normalized to frequency at

23 °C. This figure is shown in color in the online ver-
sion of this document (http://www.grc.nasa.gov/\WWW/
RT/2004/RP/RPY-patterson.htmil).

These research efforts are being per-
formed by supportfromthe NASAElec-
tronic Parts and Packaging (NEPP)
Program and through collaboration
with other Government agencies,
industrial and aerospace companies,
and academia. The program supports
missions as well as technology devel-
opment efforts at the NASA Goddard
Space Flight Center, the NASA Lang-
ley Research Center, and JPL.
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Structures

Structural Benchmark Tests of Composite Combustion

Chamber Support Completed

Left: Benchmark test configuration for simulated pressure loading of a combustion-chamber support test article.
Right: Test-article honeycomb core with face sheets (speckle pattern applied for photographic strain correlation).

A series of mechanical load tests was completed on several novel design
concepts for extremely lightweight combustion chamber support structures
at the NASA Glenn Research Center (http://www.nasa.gov/glenn/). The tests
included compliance evaluation, preliminary proof loadings, high-strain cyclic
testing, and finally residual strength testing of each design (see the photo-
graph on the left). Loads were applied with single rollers (see the photograph
on the right) or pressure plates (not shown) located midspan on each side to
minimize the influence of contact stresses on corner deformation measure-
ments. Where rollers alone were used, a more severe structural loading was
produced than the corresponding equal-force pressure loading: the maximum
transverse shear force existed over the entire length of each side, and the cor-
ner bending moments were greater than for a distributed (pressure) loading.
Failure modes initiating at the corner only provided a qualitative indication of
the performance limitations since the stress state was not identical to internal
pressure. Configurations were tested at both room and elevated tempera-
tures. Experimental results were used to evaluate analytical prediction tools
and finite-element methodologies for future work, and they were essential to
provide insight into the deformation at the corners. The tests also were used to
assess fabrication and bonding details for the complicated structures. They will
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be used to further optimize the design
of the support structures for weight
performance and the efficacy of cor-
ner reinforcement.

Thetestarticles were fabricated using
sandwich construction technology to
provide high specific structural effi-
ciency (refs. 1 to 4). Inner stainless
steel face sheets supported a flex-
ible, rectangular, thin-walled, cooled
combustion chamber (chamber not
included inthe benchmarktest pieces),
and atitanium foilhoneycomb core tied
this to the outer polyimide-carbon-
fiber polymer-matrix-composite face
sheets. Some designs included exte-
rior polymer-matrix-composite rein-
forcements across the four corners.
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All components were bonded together with high-temperature adhesive and
were cured at the design operating temperature. The chamber support designs
were developed for use in a hypersonic air-breathing rocket-based combined-
cycle propulsion system. The rectangular cross section was a function of the
combustion process as well as the vehicle-engine aerodynamics. The composite
combustion chamber support was a collaborative effort between NASA and
Rocketdyne Propulsion & Power of the Boeing Company (http://www.boeing.
com/space/rdyne/flash.html).

These ongoing tests were conducted at Glenn’s Structural Benchmark Test
Facility by the Polymers Branch (http://www.grc.nasa.gov/WWW/MDWeb/5150/
Polymers.html) in collaboration with the Life Prediction Branch (http://www.
grc.nasa.gov/WWWY/LPBY/). They used a large 500-kN (110,000-Ib)-capacity
in-plane biaxial load frame to simulate pressure loading through four hydraulic
actuators applying scaled loads to the test articles’ inner surfaces. The load
frame included a fully digital data acquisition and control system. A hot-air
furnace provided uniform specimen temperatures for the isothermal elevated-
temperature tests. A four-sensor acoustic emissions system monitored crack
initiation, adhesive debonds, and other anomalies. Real-time strains were
measured with eight strain gauges, and full-field two- and three-dimensional
surface strain plots were produced post test through correlation with high-
resolution digital images of random speckle patterns applied to the specimens.
Digital-format video recordings were made of the residual strength tests.
Elevated- and room-temperature tests of alternative designs are expected to
be completed in fiscal year 2005.
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Benchmark Calibration Tests Completed for Stirling

Convertor Heater Head Life Assessment

A major phase of benchmark testing has been completed at the NASA Glenn
Research Center (http://www.nasa.gov/glenn/), where a critical component
of the Stirling Radioisotope Generator (SRG) is undergoing extensive experi-
mentation to aid the development of an analytical life-prediction methodology
(ref. 1). Two special-purpose test rigs subjected SRG heater-head pressure-
vessel test articles to accelerated creep conditions, using the standard design
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temperatures to stay within the wall
material’s operating creep-response
regime, but increasing wall stresses
up to 7 times over the design point.
This resulted in well-controlled “bal-
looning” of the heater-head hot end.
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The test plan was developed to provide critical input to
analytical parameters in a reasonable period of time.

The SRG is being developed for multimission use, includ-
ing the electric power supply forlong-duration deep-space
missions (ref. 2). For this application, the heater head
must endure high temperatures at low stress levels for a
long time. These conditions impose an operation-limiting
mechanism of material creep—a slow, gradual increase
in the pressure-vessel diameter that reduces system
performance because of internal dimensional tolerances.
Because the SRG must operate for more than 10 years,
testing the heater head atthe low design-wall stress alone
would likely cause high scatter of the very small magnitude
creep strains in the short term. This would be of limited
value in providing a robust life-prediction tool. Therefore,
the test articles’ stress levels were raised by increasing
test pressures to accelerate the creep results. In addition,
although creep-limited components have been designed
satisfactorily using material properties generated from
traditional uniaxial tests, the heater head is subjected to
a highly biaxial state of stress. To supplement the ongo-
ing uniaxial creep tests on flight heat Inconel 718 mate-
rial (ref. 3), researchers designed the benchmark test
program to experimentally evaluate the response to this
specific biaxial stress condition.

Three-month test of IN 718 heater head at 650 °C
(1200 °F) with induction heater coils and diametral
extensometer quartz glass probes.

The completed calibration testing included three shorter
term, high-stress benchmark tests conducted on geo-
metrically simplified test vessels fabricated from a heat
of flight material: the test conditions caused rapidly
increasing creep strains in 1 to 3 months (see the photograph). A fourth test
was performed on a flight prototype design test article; this extended the test
duration to 6 months. Glenn researchers plan to conduct two additional tests
of test articles fabricated to flight prototype specifications at design operating
pressure for 1 year or more. One of these tests will be with a “full-up” specimen
with structurally significant attachments. It will be conducted with additional
externally applied axial stress to duplicate actual flight loading.

The test facility is located at Glenn’s Life Prediction Branch’s (http://www.
grc.nasa.gov/WWWY/LPB/) Structural Benchmark Test Facility. The test stand
includes two independently operated test rigs with argon-pressurization sys-
tems capable of 3000 psig. Two 3-kW induction power supplies provide even
heating and temperature profiling. A custom data acquisition and control sys-
tem is employed to safely conduct tests and record results.

The benchmark testing was performed for Glenn’s Thermal Energy Conver-
sion Branch (http://www.grc.nasa.gov/WWW/tmsb/) and Power and Propulsion
Office (http://space-power.grc.nasa.gov/ppo/) as part of an in-house project
supporting the development of the SRG. NASA's Office of Space Science pro-
vided funding for this effort. Lockheed Martin and Stirling Technology Company
are developing the SRG110 for the Department of Energy, which is managing
the overall SRG project.
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Titanium Aluminide Scramjet Inlet Flap Subelement

Benchmark Tested

Benchmark test configuration for inlet flap subelement (object painted white with
black speckles).

A subelement-level ultimate strength test was completed successfully at
the NASA Glenn Research Center (http://www.nasa.gov/glenn/) on a large
gamma titanium aluminide (TiAl) inlet flap demonstration piece. The test
subjected the part to prototypical stress conditions by using unique fixtures
that allowed both loading and support points to be located remote to the
part itself (see the photograph). The resulting configuration produced shear,

1Gamma MET PX is a trademark of PLANSEE AG, Austria. Alloy composition is based on TNB
alloys developed by GKSS Research Center, Germany.
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moment, and the consequent stress
topology proportional to the design
point. The testwas conducted atroom
temperature, a harsh condition for the
material because of reduced available
ductility. Still, the peak experimental
load-carrying capability exceeded
original predictions.

The lightweight TiAl subelement was
designedwithseveralcomplicatedfea-
tures and fabrication technologies to
demonstrate full-scale manufacturing
capability as a potential backstructure
material for maintainable composite
panel heat exchangers in the inlet,
combustor, and nozzle section of
a turbine-based combined-cycle
propulsion system (refs. 1and 2). The
achievement of aggressive thrust-to-
weight and long-life goals requires
advanced materials such as TiAl for
next-generation launch vehicles. This
subelementwas constructed with the
high-strength, high-temperature alloy
Gamma MET PX,! with a weight-
reduction potential of approximately
40 percent in comparison to a
baseline Inconel 718 configuration
(ref. 2). It was a collaborative effort
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between NASA, Pratt & Whitney (http://www.pratt-whitney.com), Engineering
Evaluation & Design (http://www.eeandd.com), PLANSEE AG (http://www.
plansee.com), and the Austrian Space Agency (http://www.asaspace.at).

The TiAlinletflap was designed to satisfy many functional objectives. Structurally,
itavoided complicated shapes, minimized the number of stress concentrations,
and used one-pass brazing for sheet construction and local reinforcement
at high-stress locations. During the benchmark test, sensors detected early
cracking at less than the predicted failure load; it was theorized that a face-
sheet-to-web braze began to peel at this level. The local separations resulting
from the braze peeling allowed load shedding to stiffer adjacent regions
of the structure. The loading ramp progressed with quite linear structural
response and with continued crack detection until a peak load approximately
10-percent higher than predicted was reached, when the subelement fractured
completely. This high load-carrying capacity demonstrated a significant TiAl
material success.

Thetestwas completedin-house at Glenn’s Life Prediction Branch’s (http://www.
grc.nasa.gov/WWW/LPB/) Structural Benchmark Test Facility. It utilized alarge
500-kN (110,000-Ib) load frame with a fully digital data acquisition and control
system. A four-sensor acoustic emissions system monitored crack detection
and growth. Real-time strains were measured with eight strain gauges, and
digital images of a random speckle pattern applied to the subelement were
correlated after testing to produce full-field, through-the-thickness surface
strain plots. Glenn’s Advanced Metallics Branch (http://www.grc.nasa.gov/
WWW/AdvMet/webpage/) personnel performed related sheet tensile, fatigue,
and creep tests, and a number of realistic feature tests, including bond shear,
stepped tensile, bolted clevis, and braze peel tests.
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Stainless-Steel-Foam Structures Evaluated for Fan

and Rotor Blades

The goal of this project is to use a sandwich structure design, consisting of
two stainless-steel face sheets and a stainless-steel-foam core, to fabricate
engine fan and propeller blades. Current fan blades are constructed either of
polymer matrix composites (PMCs) or hollow titanium alloys. The PMC blades
are expensive and have poorimpactresistance on theirleading edges, thereby
requiring a metallic leading edge to satisfy the Federal Aviation Administration’s
impact requirements relating to bird strikes. Hollow titanium blades cost more
to fabricate because of the intrinsically difficult fabrication issues associated
with titanium alloys. However, both these current concepts produce accept-
able lightweight fan blades.

[124

The NASA Glenn Research Center
is studying a possible low-cost alter-
native to the current technologies: a
stainless-steel sandwich structure
encasing astainless-steel-foam core.
The face sheets provide structural
strength and resistance for the blade,
whereas the foam core decreases the
overall density, increases vibrational
and acousticdamping, maintains face
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Structures of 17-4 PH foams. Left: Good structure with clean, smooth ligaments. Right: Poor structure with broken,

knobby ligaments.

sheet separation, and enhances stiffness (ref. 1). The use of a commercially
available aerospace stainless steel and commercial manufacturing methods
is expected to produce fan, propeller, and rotor blades that can be manufac-
tured at low cost yet have mechanical properties and densities equivalent
to those of currently used designs. Thus, the new design approach could
yield a new generation of low-cost, low-density fan blades with performance
equal to or better than that of blades produced by conventional manufactur-
ing processes.

Recent work at Glenn has focused on aerospace grade 17-4 PH stainless-
steel sandwich panels for these applications. This material is corrosion resis-
tant; possesses excellent impact, high strength, and fatigue properties; and
is commercially available, inexpensive, and easy to fabricate. Sandwich foam
panels were produced by a commercial vendor using a proprietary powder-
metallurgy process. The panels were evaluated nondestructively, then shear
and bend tests were conducted. The foam cores were tested in compression.
It was observed that the mechanical properties of the foam core were not as
good as the predicted values. This was attributed to shrinkage porosity in the
ligaments of the foam core formed during the manufacturing process. Foam
cores with better integrity were fabricated with further optimization of the manu-
facturing process. These improvements are depicted in the scanning electron
microscope (SEM) photographs, showing a superior quality foam core (left
photograph) and a poor-quality foam core (right photograph). The compres-
sive strength of the good-quality foam core was observed to be nearly 3 times
that of the poor-quality foam core. Another critical issue for these structures
is the quality of the brazed joint between the face sheets and the foam. The
brazed jointwas studied in detail using destructive and nondestructive methods
(ref. 2). Improvement of the brazed joint greatly increased the shear strength
of the sandwiched panel.

With the recently improved properties, a series of experimental and theoreti-
cal optimization studies can be performed to investigate foam characteristics,
such as the number of cells per unit length, the density (i.e., the thickness
of the ligaments on the cell edges), and the face-sheet thickness. A range of
material requirements will ultimately be defined that will allow the sandwich
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structure to be utilized in a fan-blade
application. Finally, a contoured fan
blade will be manufactured to dem-
onstrate the viability of the manufac-
turing process.
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Integrity of Polymethylmethacrylate (PMMA) Chemically
Welded Joints Examined

NASA Glenn Research Center’s Capillary Flow Experi-
ments (CFE) program is developing experiment payloads
to explore fluid interfaces in microgravity on the Interna-
tional Space Station. The information to be gained from
the CFE is relevant to the design of fluid-bearing systems
in which capillary forces predominate, for example in the
passive positioning of liquids in spacecraft fuel tanks. To
achieve the science goals of CFE, Glenn researchers con-
structed several types of experiment vessels (ref. 1). One
type of vessel, known as the interior corner flow (ICF), will
be used to determine important transients for low-gravity
liquid management in a two-phase system. Each vessel
has a cylindrical fluid reservoir connected to each end of
the test chamber by internal transport tubes, each with a
quarter-turn shutoff valve (see the top photograph). These
multipiece vessels are made from polymethylmethacrylate
(PMMA) because of its excellent optical properties (i.e., the
fluids can be observed easily in the vessel). Because of
the complexity of certain vessels, the test chamber had to
be manufactured in pieces and welded chemically. Some
past experience with adhesive bonded plastic showed
that the experiment fluid degraded the adhesive to the
point of failure. Therefore, it was necessary to see if the
fluid also degraded the chemically welded PMMA joints.

In response to these concerns, a joint CFE-Glenn program
was conducted to investigate the effect of silicone oil on
the strength of the bonded PMMA. A number of different
tests were conducted to assess the joint strength. These
included tests on the PMMA parent
material, tests on welded PMMA, and
notched samples of both welded and
unwelded PMMA. In addition, samples
were aged in either air or silicone oil
for up to 8 weeks to investigate any
potential deleterious effects of the
environment.

The results showed that neither parent
material nor welded structures were
degraded by long-term exposures in
air or silicone oil. Notched samples
lowered the strength and failure strain
of the materials, and these decreases

were predictable from fracture mechan- Brazilian-disk, welded samples. Left: Weld line in the pretest state. Right: Kinked
ics. Also, biaxial stress states from the crack from a mode-Il test.
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notch did not adversely affect the weld joint. This was verified by using Brazilian
disks to examine both mode-l and mode-Il cracks (see the bottom photograph
on the preceding page). These tests indicated that the crack prefers to follow a
mode-I type path rather than following the weld, suggesting that the weld has
nearly parent material properties. Afracture analysis was performed on the ICF
vessel using the actual dimensions and proof pressure. This analysis showed
that there was a factor of 3 margin of safety for the worse-case conditions.
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Life Predicted in a Probabilistic Design Space for Brittle

Materials With Transient Loads

Analytical techniques have progressively become more sophisticated, and
now we can consider the probabilistic nature of the entire space of random
input variables on the lifetime reliability of brittle structures. This was demon-
strated with NASA's CARES/Life (Ceramic Analysis and Reliability Evaluation
of Structures/Life) code combined with the commercially available ANSYS/
Probabilistic Design System (ANSYS/PDS), a probabilistic analysis tool that
is an integral part of the ANSYS finite-element analysis program. ANSYS/
PDS allows probabilistic loads, component geometry, and material proper-
ties to be considered in the finite-element analysis. CARES/Life predicts the
time-dependent probability of failure of brittle material structures under gener-
alized thermomechanical loading—such as that found in a turbine engine hot-
section. Glenn researchers coupled ANSYS/PDS with CARES/Life to assess
the effects of the stochastic variables of component geometry, loading, and
material properties on the predicted life of the component for fully transient
thermomechanical loading and cyclic loading.

In this implementation, the material parameters associated with reliability
analysis—the Weibull and fatigue parameters—can themselves be made
stochastic. This simulates batch-to-batch variations in the material reliability
response or, alternately, the statistical uncertainty of the estimated parameters
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fromthe true parameters derived from
experimental rupture data. It enables
a more realistic assessment of brittle
material component integrity. This
capability will be useful in the design
of ceramic turbine blades and vanes,
thermal protection system parts, den-
tal prosthetics, solid oxide fuel cells,
and microelectromechanical systems
(MEMS), as well as other applications
that employ brittle materials.

Asimplified turbine vane model simu-
lating engine startup and shutdown fol-
lows, with details giveninreference 1.
The stator vane was assumed to be
composed of a typical silicon nitride.
The effects of a probabilistic engine
startup/shutdown load profile and
of probabilistic Weibull and fatigue

127 |




oo_ 1600 N -o- Maximum temperature _ Temp?rature,
g & \ in °C —— c
E 1200 1 ,' \ —0— M!niznum temperature ' [ | g;g
g \ in°C mm
£ f \' = Maximum principal = 697
) _ \ i 808
z 800 1, o stress in MPa Maximum — 920
; ¢ \ = 1033
o I =
L S e
@ [
o S - 1368
» 0¢ ‘ ‘ ‘ T 1480
0 400 800 1200 1600 2000

Minimum

Time, sec

Left: Maximum temperatures and stresses versus time for a simulated startup/shutdown cycle of a ceramic turbine vane.
Right: Finite-element model results showing the stator vane temperature profile at 75 sec—the moment of highest loading.
Maximum and minimum temperatures, 1480 and 473 °C; time step, 75 sec.
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Thetransientoperationwas character-
Number of cycles

ized by four phases. Phase 1, startup,
Results for conditional (deterministic) and total probability from the PDS lasted 50 sec. This was followed
using Monte-Carlo simulation (MCS) and the response-surface method by phase 2—850 sec of hold time.
(RSM). Phase 3 was a 200-sec shutdown,

and phase 4 was an 800-sec hold
parameters on the predicted integrity for a given number of startup/shutdown time for cooling down. The top left fig-
engine cycles were examined. ure illustrates this transient profile for

one loading cycle. The top right figure
For the probabilistic analysis, 11 input parameters were identified as random shows the stator vane thermal profile
quantities and were assigned a statistical distribution function to quantify their  at 75 sec—the moment of maximum
randomness. The random input variables impacting the finite-element analysis transient loading.
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Sensitivity of conditional failure probability at 1000 load cycles with Monte-Carlo
simulation.

The bottom graph on the preceding page shows the average predicted failure
probability (the so-called total probability) versus loading cycles for two probability
methods—the Monte-Carlo simulation and the response-surface method—as well
as a conditional (deterministic) finite-element analysis using averaged
properties. This “total probability” is just the average of all the individual
simulation trials. The differences between the deterministic and probabilis-
tic analyses were due to highly nonlinear and skewed probability distribu-
tions. These results show that not taking stochastic response into account
can lead to a nonconservative design. Correlation between the Monte-
Carlo simulation and the response-surface method would improve as the
number of simulations increased. In this case, we used 400 simulations for
the Monte-Carlo simulation.

The pie chart shows the sensitivity analysis results reported by ANSYS/PDS.
Most of the input variables that significantly impact the failure probability
either influence the temperature results or the stresses of the finite-element
analysis. All of these input variables have a strongly nonlinear influence on
the conditional failure probability.

The significant difference between the conditional failure probability and the
total failure probability indicates that ignoring the random influences outlined
previously may lead to a nonconservative design. The conditional failure
probability itself may be acceptably low, but the total failure probability could
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be, as in this example, two orders of
magnitudes higher, which might not
be considered safe enough.

We have demonstrated that a proba-
bilistic life-prediction methodology
for transient loading can be com-
bined with a generalized probabilistic
finite-element analysis program. This
useful combination can be applied to
other interesting problems, such as
the effect of the reentry envelope on
the reliability of certain passive ultra-
high-temperature thermal protections
systems or, for dental prosthetics, the
effect on reliability of random loading
direction and loading magnitude over
time. It also would be useful in deter-
mining MEMS lifetime where toler-
ances ondimensions are a significant
fraction of the overall part size.
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Liquid-Hydrogen-Cooled 450-hp Electric Motor Test Stand
Being Developed

House power
or
NASA fuel cell

Dynamometer
or
aircraft
propeller

Motor test stand

Cryogenic motor/generator and motor test stand. Anticipated motor parameters: length, 35 in.; diameter, 16 in.; weight, 279 Ib;

power, 450 hp; speed, 6000 rpm; 480 V; three phases.

With growing concerns about global warming, there is a need to develop
pollution-free aircraft. One approach is to use hydrogen-fueled aircraft that
use fuel cells or turbogenerators to produce electric power to drive the electric
motors that turn the aircraft’s propulsive fans. Hydrogen fuel would be carried
asaliquid, stored atits boiling point of 20.5 K (—422.5 °F). Conventional electric
motors, however, are too heavy for aircraft propulsion. We need to develop
high-power, lightweight electric motors (high-power-density motors).

One approach is to increase the conductivity of the wires by cooling them
with liquid hydrogen (LH,). This would allow superconducting rotors with an
ironless core. In addition, the motor could use very pure aluminum or copper,
substances that have low resistances at cryogenic temperatures. A prelimi-
nary design of a 450-hp LH,-cooled electric motor was completed and is being
manufactured by a contractor. This motor will be tested at the NASA Glenn
Research Center and will be used to test different superconducting materi-
als such as magnesium diboride (MgB,). The motor will be able to operate at
speeds of up to 6000 rpm.

This motor will serve as a realistically sized prototype that will be repre-
sentative of motors used in general-aviation and transport-sized aircraft. In
addition, it will be able to be integrated into ground-based propulsion system
demonstrators being developed at NASA and to serve as either a motor or as
a generator, powered by either hydrogen-burning turbines or fuel cells. This
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Ironless High-Power-Density Permanent Magnet Electric
Motors Designed for Emissionless Aircraft Propulsion

With growing concerns about global warming, there is a need to develop
pollution-free aircraft. One approach is to use hydrogen-fueled aircraft that
use fuel cells or turbogenerators to produce electric power to drive the electric
motors that turn the aircraft’s propulsive fans. Hydrogen fuel would be carried
as a liquid, stored at its boiling point of 20.5 K (-422.5 °F). Conventional elec-
tric motors, however, are too heavy to use on an aircraft. We need to develop
high-power, lightweight electric motors (high-power-density motors).

At the NASA Glenn Research Center, our approach is first to improve the heat
removal from the stator, by using forced-convection heat transfer, and second
to improve the magnetic flux circuit with a Halbach Array. This will eliminate
the need for aniron core. The lastimprovement will be to increase the speed of
the motor while containing the permanent magnets with a carbon fiber ring.

Rapid
prototyping

i

Halba'ch
magnet
array

Carbon-fiber
retaining rin

g ring s
Left: Ironless permanent magnet brushless direct-current motor. Right: Halbach
magnet array.

An ironless motor was designed
to have a 5.6-in.-mean-diameter
cylindrical Halbach Array with nomi-
nally 1in.3 permanent magnets. It is
brushless and can run at speeds up
to 15,000 rpm. The motor is being
manufactured and will be used to test
different stator designs. The stators
use vacuum-potted, epoxied Litzwire,
with molded cooling channels. This
work was supported by the Alternate
Energy Foundation Technologies
(AEFT) Project.
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High-Temperature (1000 °F) Magnetic Thrust Bearing Test

Rig Completed and Operational

Large axial loads are induced on the rolling element bearings of a gas turbine.
To extend bearing life, designers use pneumatic balance pistons to reduce
the axial load on the bearings. A magnetic thrust bearing could replace the
balance pistons to further reduce the axial load. To investigate this option,
the U.S. Army Research Laboratory, the NASA Glenn Research Center, and
Texas A&M University designed and fabricated a 7-in.-diameter magnetic
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thrust bearing to operate at 1000 °F
and 30,000 rpm, with a 1000-Ib load
capacity. This research was funded
through a NASA Space Technology
Transfer Act with Allison Advance
Development Company under the

131 |




High-speed, 1000 °F magnetic thrust test facility.

Ultra-Efficient Engine Te